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Hot Rolled Asphalt Wearing course m ix tu res ,  c o n ta in in g  up to 55°/0 
by mass of coarse  ag g reg a te ,  were t e s t e d  over a range of b in d e r  
c o n ten ts  using the  fo llow ing  t e s t  methods:-  
M arshall Test 
In d i r e c t - T e n s i l e  Test 
Wheel-Tracking T e s t .
The r e s u l t s  o b ta ined  were used to  a sse s s  the a b i l i t y  o f  each  o f 
th ese  methods to
( i )  a s s i s t  in  the  s e l e c t i o n  of an optimum m ixture  com position ,
from the  p o in t  of view of r e s i s t a n c e  to  deform ation
( i i )  p r e d ic t  the  r e s i s t a n c e  to  deform ation  of the  v a r io u s  m ix tu res
t e s t e d .
I t  was found th a t  the  r e s u l t s  o b ta ined  by a l l  th re e  t e s t  methods 
could be used to  d e f in e  an "optimum b in d e r  c o n ten t"  f o r  a g iven  
s e t  of c o n s t i t u e n t s ,  and th a t  both M arshall S t a b i l i t y  and M arsha ll 
Q uotien t were c lo s e ly  r e l a t e d  to  r e s i s t a n c e  to  defo rm ation , as 
measured in  the  Wheel-Tracking T e s t .
In  the  l i g h t  of the r e s u l t s  o b ta in e d ,  the  M arshall Test would 
appear to  be most s u i ta b le  o f  the  th re e  (from the p r a c t i c a l  p o in t  
o f view) fo r  a p p l i c a t io n  to  the  design  of Hot Rolled  A sphalt  Mix­
tu re  s .
However, before  t o t a l  confidence can be p laced  in  the r e s u l t s  
ob ta ined  by t h i s  method, th e re  are  s e v e ra l  improvements which 
must be made.
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Note to  Reader
Throughout the  i n v e s t i g a t i o n ,  va lu es  o f  S^, S^, V^, V^, and
B have been determ ined in  accordance w ith  B.S. 594 (1973).
To m a in ta in  c o n s is te n cy  w ith  t h i s  S tandard , the  u n i t s  o f  and
3S. are  quoted as g/ml ( e q u iv a le n t  to  g/cm ) and l ikew ise  those
A 3f o r  B as ml (e q u iv a le n t  to  cm ) .
F u r th e r ,  u n i t s  of g/ml are  quoted f o r  S^, even though B0S. 594 
r e f e r s  to  i t  as "R e la t iv e "  Mix D ensity . (A term which would n o r ­
m ally  c a r ry  no u n i t s ) .
1. INTRODUCTION
Hot Rolled  A sphalt (H.R.A.) i s  a dense, im pervious, gap-
graded m a te r i a l .  I t s  com position i s  based upon a s a n d - f i l l e r -  
b in d e r  m o rta r ,  com prising between 35 and 1007<> by mass o f the  
m ixture  depending upon the  a p p l i c a t io n ,  the  rem ainder of the  
m ixture  being a r e l a t i v e l y  s in g le - s i z e d  coarse  ag g reg a te .
As a wearing course  m a te r ia l  H.R.A. has secured i t s e l f  a p re ­
eminent p o s i t io n  in  the  U.K. f o r  the  su r fa c in g  of f l e x i b l e  con­
s t r u c t i o n  f o r  motorways, t ru n k  and p r in c ip a l  ro ad s .
The most w idely  used com position  f o r  t h i s  purpose i s  a low -stone 
c o n ten t  m ixture  c o n ta in in g  307» by mass coarse  a g g reg a te ,  w ith  
a f in e  n a t u r a l  sand, l im estone d u s t  as f i l l e r  and a f a i r l y  h ig h  
c o n ten t  o f  50 p e n e t r a t io n  grade b i t u m e n . I t  i s  u s u a l ly  
l a id  to  a th ic k n e ss  o f  40mm and a sk id  r e s i s t a n t  su rface  i s  p ro ­
vided by the  a p p l i c a t io n  o f coated  ch ip p in g s .
The H.R.A. m ix tu res  used today have developed out of ex p er ien ce  
gained over a number o f y e a r s .  The f i r s t  examples be ing  l a id
/ 6 \on the  Kings Road, Chelsea and Pelham S t r e e t ,  Kensington in  1895. '
S h o r t ly  a f t e r  t h i s ,  an American C l i f f o r d  R ichardson came to  England 
and helped  in  the  development and p ro d u c tio n  of H.R.A. on a 
s c i e n t i f i c  b a s i s .  As soon as s u f f i c i e n t  experience  and d a ta  
had been gained the then  B r i t i s h  Engineering  Standards A ss o c ia t io n  
in  c o l l a b o r a t io n  w ith  the  M in is t ry  o f  T ranspo rt  and o th e r s  were 
ab le  to  draw up B r i t i s h  Standard s p e c i f i c a t io n s  r e l a t e d  to  the  
use of H.R.A. These were is su e d  in  1928, B.S. 342 and B.S.
344 covered r e s p e c t iv e ly ,  the  use of two course  and s in g le  course  
H.R.A. When r e v i s io n  of th e se  Standards became n e ce ssa ry  they
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were combined and the number changed to  the  more f a m i l i a r  B.S.
594. This was f i r s t  is su ed  in  1935 and s ince  t h a t  time f u r t h e r  
r e v i s io n s  have been made in  1945, 1950, 1958, 1961 and most r e c ­
e n t ly  in  1973. The only  major changes over the y ea rs  have been 
the  con tinued  in c re a se  in  the  hardness  o f  b in d e r  used f o r  h e a v i ly -  
t r a f f i c k e d  roads and a re d u c t io n  in  the  number o f  s tone  c o n te n ts  
s p e c i f i e d .
The com position  o f  H.R.A. m ix tu res  has in  the  p a s t  been s p e c i f i e d  
i n  terms o f " r e c ip e s " ,  the  p e rc en t  by mass o f  each c o n s t i t u e n t  
be ing  l i s t e d  in  ta b le  form. The p re se n t  e d i t i o n  o f  B.S. 5 9 4 ^ ^  
in c lu d e s  re c ip e  s p e c i f i c a t i o n s  f o r  wearing course m ix tu res  con­
t a in in g  up to  557» by mass of coarse  a g g re g a te . For each  coarse  
aggregate ' co n ten t  th re e  b in d e r  c o n ten t  schedules a re  g iven , rang ing  
from lean  to  r i c h  r e l a t i v e l y  speak ing . Guidance on s e l e c t i o n  
o f  the  a p p ro p r ia te  schedule i s  g iven  in  the  S tandard , and i s  
based upon t r a f f i c  i n t e n s i t y  and geo g rap h ica l  lo c a t io n .  A 
t y p i c a l  B.S. 594 re c ip e  s p e c i f i c a t i o n  f o r  wearing course  m ix tu res  
i s  g iven  in  ta b le  1.
The re c ip e  method o f s p e c i f i c a t io n  has a number o f  advantages 
in  terms of the  ease  w ith  which a m a te r i a l  can be s p e c i f i e d ,  
m anufactured w i th in  given to le ra n c e s  and be t e s t e d  f o r  compliance 
w ith  the  o r ig i n a l  s p e c i f i c a t i o n .  Over the  y ears  H.R.A. p ro -
jfduced in  accordance w ith  such s p e c i f i c a t i o n s  has proven i t s e l f  
capab le  o f p rov id ing  an adequate and d u iab le  su r fa c in g  m a te r i a l  
under heavy t r a f f i c  c o n d i t io n s .  This success i s  a t t r i b u t e d  
to  i t s  to le ra n c e  to  com position v a r i a t i o n ,  i t s  f l e x i b i l i t y ,  f a t -
/ o \  / q \igue r e s i s t a n c e ,  ' c rack  r e s i s t a n c e  and to  i t s  w o rk a b i l i ty
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Percentage  By Mass Of T o ta l  Mixture
Coarse 
Aggregate 
r e ta in e d  on 





pa ss in g  75um 
B.S. t e s t  
s ieve





IB 0 10.8 14.0
15 9.6 12.0
30 8 .4 9.9
40 7.6 8.5
55 6.4 6.4




55 6.8 7 .4
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and ease  w ith  which i t  can be compacted to  form a dense, imper­
meable l a y e r .  The moderate U.K. c lim a te  has a lso  c o n t r ib u te d  
to  t h i s  success .
However, s ince  the  e a r l y  1960*s problems w ith  H.R.A. re c ip e  m ix tu res  
have become ap p a ren t .  In  c e r t a i n  p a r t s  o f  the  U.K. the  lo c a l ly  
a v a i l a b le  agg rega tes  were no t producing com ple te ly  s a t i s f a c t o r y  
m ix tu res  f o r  use on h e a v i ly  t r a f f i c k e d  roads and motorways. 
P a r t i c u l a r l y  a t  severe s i t e s ,  n o t^ab ly  s teep  g ra d ie n ts  where 
heavy t r a f f i c  was slow and c a n a l iz e d ,  marked permanent defo rm ation  
was occurring and producing r u t s  in  the  wheel t r a c k s .  A t y p i c a l  
example o f  t h i s  i s  de sc r ib ed  by Windmill, w hile  P l e a s e ^ ^  
r e p o r t s  t h a t  marked deform ation  had occurred  in  Schedule 1 H.R.A. *s 
on a s t r a i g h t  s e c t io n  of du a l-ca rr iag ew ay  a f t e r  on ly  th re e  y ears  
t r a f f i c k i n g .
The fo rm ation  o f such r u t s  has adverse  e f f e c t s  upon the  r i d i n g  
q u a l i ty  and s a f e ty  of the  su r fa c in g  and causes  f u r t h e r  c a n a l i z a t i o n  
of  t r a f f i c  which se rves  to  worsen the  s i t u a t i o n .  The d e f o r ­
m ation which i s  ev id en t  a t  the  road su rface  may r e s u l t  from the  
accum ulation of deform ations of a l l  the  pavement l a y e r s ,  p lu s  
deform ation  o f the  u nderly ing  subgrade. The l a t t e r  i s  n o t
(4)u s u a l ly  a problem in  the  U.K., where adequate pavement d e s ig n  
e n su re s ,  by the  p ro v is io n  of adequate la y e r  th ic k n e s s ,  t h a t  sub­
grade deform ations  are  n e g l i g i b l e .  The problem in  the  U.K.
i s ,  t h e r e f o r e ,  a s s o c ia te d  w ith  deform ations  confined  to  the  pave-
( 12)ment l a y e r s ,  and in  p a r t i c u l a r ,  the  uppermost s u r fa c in g  la y e r s .
Such deform ations occur due to ,  f i r s t l y  some compaction of the  
m ixture by t r a f f i c ,  and secondly , by the  accum ulation o f  permanent
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defo rm ations . When H.R.A. deforms due to  the  passage of a
wheel, p a r t  of the  deform ation  i s  recovered  im m ediately, p a r t
reco v e rs  a f t e r  some d e lay  and a sm all amount i s  i r r e c o v e r a b l e ,
(13)permanent defo rm ation . '  I t  i s  the  accum ulation  of such 
permanent deform ations  over a pe rio d  o f time which i s  the  major 
cause o f  r u t t i n g .  The deform ation  behaviour de sc r ibed  p rev ­
io u s ly  i s  no t only  in f lu en c ed  by the  i n t r i n s i c  p r o p e r t i e s  of
the m ixture  but a lso  by c e r t a i n  e x te r n a l  f a c t o r s ,  in  p a r t i c u l a r ,
(14)t r a f f i c  loading  and c l im a t ic  c o n d i t io n s .
In  the  U.K. during  the  1960 's  and 1970 's  a ra p id  growth in  the
(15)number and weight o f  commercial v e h ic le s  u s ing  major roads o c c u r re d '  
and t h i s  was a major f a c to r  c o n t r ib u t in g  to  the  appearance of 
the  deform ation  problems and i t s  con tinued  p resen ce .  More 
r e c e n t ly  the  e x c e p t io n a l ly  h o t summers o f  1975 and 1 9 7 6 ^ ^  served 
to  a c c e le r a te  the  occurrence  and s e v e r i ty  o f  the  problem.
The appearance o f  such a problem in  H.R.A. m ix tu res  which had 
performed ad equa te ly  in  the  p a s t ,  served to  h ig h l ig h t  c e r t a i n  
l im i t a t i o n s  o f  the  re c ip e  method o f s p e c i f i c a t i o n .  F i r s t l y ,  
the  p e rm it ted  to le r a n c e s  f o r  c o n s t i tu e n t  p ro p o r t io n s ,  and in  
p a r t i c u l a r  the  b in d e r  c o n te n t ,  had in  the  p a s t  been used by man­
u f a c tu r e r s  to  make ad justm ents  w i th in  the  p e rm itted  range to  
produce a m ixture  w ith  p r o p e r t i e s  most s u i te d  to  a p a r t i c u l a r  
a p p l i c a t io n ,  based on p a s t  e x p e r ien c e .  With a growing emphasis 
on ach iev ing  compliance w ith  s p e c i f i c a t io n ,  t h i s  margin f o r  a d ju s ­
tment was no longer a v a i la b le  to  m an u fac tu re rs ,  who now found 
i t  nece ssa ry  to  aim fo r  the  m id-po in t of the  s p e c i f i c a t i o n ,  which 
in  some cases  r e s u l t e d  in  the  p ro d u c tio n  of an i n f e r i o r  m a te r i a l .
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Secondly, a lthough  the  s p e c i f i c a t io n  makes c e r t a i n  requ irem ents  
re g a rd in g  the p r o p e r t i e s  of the  c o n s t i t u e n t s ,  th e re  a re  d i f f e r ­
ences in  s p e c i f i c  g r a v i ty ,  g rad in g , p a r t i c l e  shape and su rface
te x tu re  which have a marked e f f e c t  upon the  p r o p e r t i e s  o f the
(11}r e s u l t i n g  m ix tu re .  P le a s e v J in d ic a te s  t h a t  t h i s  i s  p a r t i c ­
u l a r l y  t ru e  f o r  the  sand f r a c t i o n ,  fo r  307, stone H.R.A. w earing 
course  m ix tu res  a t  a f ix e d  m id - s p e c i f ic a t io n  b in d e r  c o n te n t  of 
7.97o by mass, r e s i s t a n c e  to  deform ation  as measured in  the  la b ­
o ra to ry  can vary  by a f a c t o r  of 10 depending upon the  type of 
sand used. In  a d d i t io n ,  the  use o f  a s p h a l t i c  cements o f  the  
same p e n e t r a t io n  grade bu t d i f f e r e n t  r h e o lo g ic a l  p r o p e r t i e s  can 
a lso  a f f e c t  r e s i s t a n c e  to  deform ation  by the  same deg ree .
In  the  p r a c t i c a l  s i t u a t i o n  t h i s  v a r i a t i o n  could  be even g r e a t e r  
when a d d i t io n a l  f a c to r s  such as harden ing  of the  b in d e r  du ring  
mixing and d i f f e r e n c e s  in  coarse  aggregate  and f i l l e r  a re  con­
s id e re d .
In d ic a t io n s  are  t h a t  re c ip e  type s p e c i f i c a t io n s  f a i l  to  tak e  
p ro p e r  account o f  the  p r o p e r t i e s  and b in d e r  requirem ent o f  the  
a c tu a l  c o n s t i tu e n t s  used , and may a lso  unduly l im i t  m a te r i a l s  
p e rm itted  f o r  u se .  Also, the  a s s o c ia te d  m a te r ia l s  s e l e c t i o n ,  
t e s t i n g  and q u a l i ty  c o n t r o l  has become c e n tred  upon ach iev in g  
compliance w ith  s p e c i f i c a t io n s  r a t h e r  than  g e t t in g  the  b e s t  p e r ­
formance from the  a v a i la b le  m a te r i a l s ’. The r e s u l t i n g  m ix tu res  
when l a id  on the  road could have v a r ia b le  E ng ineering  p r o p e r t i e s  
and a tendency to  r u t  under heavy t r a f f i c ,  p a r t i c u l a r l y  a t  severe  
s i t e s .
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By the end of the  1960 's  th e re  was, th e r e f o r e ,  a need f o r  H.R.A. 
su r fa c in g  m ix tu res  w ith  an in c reased  r e s i s t a n c e  to  deform ation  
under heavy t r a f f i c .  One o f the  p o s s ib le  s o lu t io n s  a v a i l a b le  
to  achieve t h i s  end was the  adop tion  of a Mix Design tech n iq u e ,  
based upon a Mechanical t e s t i n g  p rocedure . Mix Design can 
be conside red  in  simple terms as the  s e l e c t i o n  of c o n s t i t u e n t  
p ro p o r t io n s  w ith  the  a id  of r e s u l t s  o b ta ined  from a Mechanical 
t e s t .  Such a procedure may or may no t inc lude  des ign  c r i t e r i a  
r e l a t e d  to  t r a f f i c  i n t e n s i t y  and c l im a t ic  c o n d i t io n s .  Provided 
a s u i t a b le  t e s t  procedure  could be adopted, b e n e f i t s  should be 
gained from, in  p a r t i c u l a r ,  the  s e l e c t io n  o f  the  a p p ro p r ia te  
b in d e r  co n ten t  f o r  the  c o n s t i t u e n t s  used, en ab lin g  the  p ro d u c tio n  
o f  m ix tu res  of optimum com position as reg a rd s  perform ance. 
S uccess fu l a p p l i c a t io n  of such a design  method, may a lso  make 
i t  p o s s ib le  to  d esign  adequate m ix tu re s ,  u s ing  m a te r ia l s  a t  p r e s ­
e n t  excluded by the  s p e c i f i c a t i o n ,  thus  en ab lin g  the  b e s t  use 
to  be made of lo c a l ly  a v a i l a b le  ag g re g a te s .
In  December, 1973 an e x te n s iv e  r e v i s io n  of B.S. 5 9 4 ^ ^  was is su e d
which inc luded  f o r  the  f i r s t  time a Mix Design procedure  based
upon a Mechanical t e s t .  This s e c t io n  was a t  t h i s  s tage  an
o p t io n a l  a l t e r n a t i v e  to  the  re c ip e  method of s p e c i f i c a t i o n  f o r
H.R.A. wearing course m ix tu re s .  The Mechanical t e s t  procedure
upon which t h i s  des ig n  method was based , was the  M arsha ll  t e s t .
This method of t e s t i n g  had p re v io u s ly  been used e x te n s iv e ly  abroad
and in  p a r t i c u l a r  in  the  U . S . A . I t s  use had in  the  p a s t
(18 }been confined  to  A sp h a lt ic  C oncre tev } and had f o r  some y ea rs
(19)been used in  the  U.K. in  connec tion  w ith  a i r f i e l d  pavements 
c o n s tru c te d  w ith  t h i s  m a te r i a l .  The p re s e n t  mix desig n  procedure
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d e ta i l e d  in  B.S. 5 9 4 ,^ ^  r e q u i r e s  the  s e le c t io n  o f  an optimum 
b in d e r  c o n ten t  fo r  the, s a n d - f i l l e r - b i n d e r  m o rta r ,  based on r e s ­
u l t s  ob ta ined  in  the  M arshall t e s t .  An adjustm ent i s  then  
a p p lied  in  o rd e r  to  o b ta in  a t a r g e t  b in d e r  c o n ten t  f o r  the t o t a l  
m ix tu re ,  coarse  aggregate  inc luded .
Since the  in t r o d u c t io n  o f the  o p t io n a l  mix design  p rocedure , 
r e s u l t s  from f u l l  s ca le  road t r i a l s ,  la b o ra to ry  i n v e s t ig a t i o n s  
and feedback from in d u s t ry  has fu rn ish e d  in fo rm atio n  reg a rd in g  
the  performance of designed m ix tu re s ,  and has allowed r e - a p p r a i s a l  
o f  the  p rocedure . As a r e s u l t ,  a d d i t io n a l  s p e c i f i c a t i o n  c la u s e s  
fo r  H.R.A. wearing course  m i x t u r e s ^ ^  (21) were i ssue(j i n Feb­
ru a ry ,  1979. The in t r o d u c t io n  o f  these  c la u se s  made the  use 
o f  the  Mix Design procedure compulsory f o r  a l l  su r fa c in g  and 
r e s u r f a c in g  work on tru n k  roads and motorways, w ith  e f f e c t  from 
1 s t ,  A p r i l ,  1980, and a lso  inc lu d ed , amongst o th e r s ,  a r e q u i r e ­
ment f o r  m ortar s t a b i l i t y  a t  i t s  optimum b in d e r  c o n te n t ,  depending 
upon t r a f f i c  flow . The c o l l e c t i o n  of in fo rm atio n  in  the  manner 
in d ic a te d  p re v io u s ly  w i l l  con tinue  and f u r t h e r  upda ting  o f  the  
procedure w i l l  take p lace  as i t  becomes n ece ssa ry .
This then  i s  the  c u r r e n t  p o s i t io n  reg a rd in g  H.R.A. Mix Design 
in  B r i t i s h  p r a c t i s e ,  a t  p re se n t  B.S. 594 i s  undergoing a f u r t h e r  
m ajor r e v i s io n  which i s  due to  be pub lished  in  the  n ea r  f u tu r e .
I t  i s  expected  t h a t  the  re v is e d  Standard w i l l  c o n ta in  f a i r l y  
ex ten s iv e  changes and a d d i t io n s  to  the Mix Design procedure  and 
a s s o c ia te d  design  c r i t e r i a .  The e x te n s io n  of the Design p ro ­
cedure in  a r e l i a b l e  form to  the  t o t a l  m ix tu re ,  coarse  aggregate  
inc lu d ed , and a s ta tem en t of Design c r i t e r i a  in  terms of the
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( 2 2 )t o t a l  m ixture  would seem the nex t lo g ic a l  s te p .
I t  i s  hoped t h a t  the  work c a r r i e d  out w i th in  the  scope o f the  
p re s e n t  i n v e s t i g a t i o n  w i l l  lead  to  an in c reased  unders tand ing  
o f the  m echanical p r o p e r t i e s  o f  H.R.A. m ix tu res ,  and the  i n t e r ­
r e l a t i o n s h ip  t h e r e o f .  F u r th e r ,  the  r e s u l t s  o b ta ined  should 
a lso  throw l i g h t  on the  a b i l i t y  of c e r t a i n  m echanical t e s t s  to  
a s s i s t  in  the  design  of m ix tu res  having improved m echanical prop 
e r t i e s .
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2. BACKGROUND INFORMATION
2.1 The Mechanical T es t in g  of Bituminous Paving M ixtures
2 .1 .1  I n t r o d u c t io n :
The fo llow ing  s e c t io n s  rev iew  in  g e n e ra l  terms the  a p p l i c a t io n  
o f  Mechanical t e s t i n g  p rocedures  to  Bituminous Paving m ix tu res  
w ith  an emphasis on those used to  a sse s s  r e s i s t a n c e  to  de fo rm ation .
Since the  e a r ly  p a r t  o f t h i s  c en tu ry  many such p rocedures  have 
been developed in  many c o u n t r i e s ,  n o ta b ly  the  U.S.A. When con­
s id e r in g  the wide d i v e r s i t y  o f the  a v a i l a b le  methods, i t  i s  con­
v e n ien t  to  make a d i s t i n c t i o n ,  based upon the  n a tu re  of the  t e s t  
i t s e l f ,  and reg a rd  th ese  methods as being e i t h e r  
Em pirical methods,
Fundamental methods 
o r  S im ulative  methods.
2 .1 .2  Em pirical Test Methods:
2 .1 .2 .1  General
An Em pirical t e s t  i s  one in  which some a r b i t r a r y  p ro p e r ty  o f  a 
compacted paving m ixture i s  de term ined , t y p i c a l l y  the  maximum 
load su s ta in e d  under g iven load ing  c o n d i t io n s .  Such t e s t  methods 
now form the b a s i s  of many w idely  used Mix Design p rocedures  in  
which t e s t  r e s u l t s  are  considered  a long w ith  the  d e n s i ty  and void 
co n ten t  of compacted specimens, in  o rd e r  to  s e l e c t  a m ixture  com­
p o s i t io n  which w i l l  perform adequa te ly  from the p o in t  o f  view 
of r e s i s ta n c e  to  deform ation  and d u r a b i l i t y ,  y ie ld in g  a m ixture  
w ith :
( i )  S u f f ic ie n t  b inder  to  ensure  d u r a b i l i t y .
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( i i )  S u f f i c i e n t  s t a b i l i t y  to  w ith s tan d  t r a f f i c  loading  w ith ­
out undue d i s t o r t i o n .
( i i i )  S u f f ic ie n t  a i r  voids  to  allow  f o r  s l i g h t  a d d i t io n a l  
compaction under t r a f f i c  w ithou t b leed in g  o r lo s s  o f  s t a b i l i t y ,  
y e t  low enough to  exclude a i r  and m o is tu re .
( iv )  S u f f i c i e n t  w o r k a b i l i ty  to  perm it easy  placement and 
compaction to  the  re q u ire d  d e n s i ty .
In  most cases  an "optimum b in d e r  c o n ten t"  f o r  a g iven aggregate  
g ra d a t io n  i s  s e le c te d  and i s  used d i r e c t l y  o r  a c t s  as a guide 
to  the  b inde r  c o n ten t  to  be used in  p r a c t i s e .
In  such t e s t s ,  i t  i s  the  a r b i t r a r y  p ro p e r ty  measured which i s
«
used to  a s se s s  a m ix tu r e 's  r e s i s t a n c e  to  deform ation  under t r a f f i c ,  
o f te n  termed " s t a b i l i t y " .  This p ro p e r ty  i s  no t a measure of 
any i n t r i n s i c  m ixture  p ro p e r ty ,  i t  i s ,  th e r e f o r e ,  e s s e n t i a l  t h a t  
a c o r r e l a t i o n  between la b o ra to ry  and road performance be e s t a b ­
l i s h e d .  This done, i t  i s  then  p o s s ib le  to  de fin e  d es ig n  c r i t e r i a  
in  terms of la b o ra to ry  param ete rs ,  to  be ap p lied  depending upon 
t r a f f i c  and c l im a t ic  c o n d i t io n s .
2 .1 .2 .2  Common E m pirical Test Methods 
M arshall t e , t < l ><7><17>(23>
Hveem S tab ilo m e te r  and Cohesiometer t e s t ^ ^ ^ 7^ 24^
Hubbard - F ie ld  t e s t ^ 1™ 25*'^26>
Duriez t e s t . <14><27>
2 .1 .2 .3  Advantages of Em pirical T est Methods
( i )  Equipment and procedures are  u s u a l ly  s im ple .
( i i )  Can be c a r r i e d  out q u ic k ly ,  a llow ing  a la rg e  number of
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com positions to  be a sse ssed  q u ick ly .
( i i i )  Provided they  are  used w i th in  the  c o n s t r a in t s  of proven 
la b o ra to ry  - road c o r r e l a t i o n s ,  adequate , economic m ix tu res  can 
be produced.
( iv )  T he ir  s im p l i c i ty  and speed of o p e ra t io n  means they  can 
e a s i l y  be adopted f o r  o n - s i t e  q u a l i ty  c o n t r o l .
2 .1 .2 .4  D isadvantages o f  Em pirical T est Methods 
( i )  I t  i s  n ecessa ry  to  e s t a b l i s h  a c o r r e l a t i o n  between la b ­
o ra to ry  and road performance be fo re  r e s u l t s  can be of any p r a c t i c a l  
u s e .
( i i )  Many t e s t s  a re  only a p p l ic a b le  to  a l im i te d  range of mix­
tu re  types  and w e l l  d e f ined  c o n d i t io n s  of t r a f f i c  and c l im a te .
( i i i )  R esu lts  o b ta ined  w ith  d i f f e r e n t  Em pirical methods do no t 
agree w ith  each o th e r  to  any g re a t  e x t e n t .
( iv )  Loading c o n d i t io n s  o f te n  bear no resemblance to  those  
found in  p r a c t i s e .
( v) In  most cases  i t  i s  no t p o s s ib le  to  analyse  the  s t r e s s e s  
a c t in g  during  t e s t i n g .
2 .1 .3  Fundamental Test Methods:
2 .1 .3 .1  General
A Fundamental t e s t  s e t s  out to  measure some i n t r i n s i c  (fundam enta l)  
p ro p e r ty  o f  the  m ixture  under t e s t .  Unlike E m pirical methods, 
they  a re ,  w ith  c e r t a i n  e x ce p t io n s ,  u n su i ta b le  fo r  Mix Design a p p l i ­
c a t io n s  and ten d , th e r e f o r e ,  to  be conside red  as r e s e a rc h  t o o l s .
C e r ta in  t e s t s  of t h i s  type were designed s p e c i f i c a l l y  f o r  the  
d e te rm in a tio n  of those p r o p e r t i e s  which would a llow  the  problem 
of r e s i s t a n c e  to  deform ation to  be ta c k le d  from a more t h e o r e t i c a l
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( r a t i o n a l )  approach. O thers developed more r e c e n t ly  a llow  the 
d e te rm in a tio n  of those p r o p e r t i e s  re q u ire d  fo r  computer programs 
used in  m u l t i - l a y e r  e l a s t i c  ( v i s c o e l a s t i c )  methods of pavement 
de s ig n .
2 .1 .3 .2  Common Fundamental T es t Methods:
T r i a x i a l  t e s t < D (2 8 ) (2 9 ) (3 0 ) (3 1 )
(1 ) (3 2 )Unconfined Compression t e s t  
I n d i r e c t - T e n s i le  t e s t ^ 33^ 3^
U n iax ia l  Creep t e s t ^ 35^ 36^ 37^
Various re p ea ted  load ing  t e s t s :
Dynamic Modulus t e s t ^ 35^ 39^ 40^
Fatigue  t e s t (38)(40)
/ 30  \Dynamic Creep t e s t .
2 .1 .3 .3  Advantages o f  Fundamental Test Methods:
( i )  Loading systems employed perm it the  c a l c u l a t i o n  o f  s t r e s s e s
a c t in g  during  t e s t i n g .
( i i )  S t r e s s e s  more c lo s e ly  resem bling  those  found in  p r a c t i s e  
can be reproduced .
( i i i )  R esu lts  ob ta ined  perm it a more t h e o r e t i c a l  approach to  
the  problem o f  r e s i s t a n c e  to  de form ation , and a com puter-a ided  
approach to  Pavement Design.
2 .1 .3 .4  Disadvantages o f Fundamental Test Methods:
( i )  T es ting  equipment i s  u s u a l ly  complex, expensive and r e q u i r e s
t r a in e d  o p e ra t iv e s .
( i i )  Time req u ire d  f o r  t e s t i n g  i s  o f te n  c o n s id e ra b le .
( i i i )  Most procedures are  no t s u i te d  to  Mix Design in  the  sense
desc r ib ed  p re v io u s ly  and, th e r e f o r e ,  usage i s  mainly con fined
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to  r e s e a rc h  r a t h e r  than  p r a c t i c a l  a p p l i c a t io n s .
2 .1 .4  S im ulative  Test Methods:
2 .1 .4 .1  General
Test methods r e f e r r e d  to  p re v io u s ly  a re  cons ide red  to  have 2 major 
drawbacks. F i r s t l y ,  in  many case s  the  load ing  c o n d i t io n s  and 
the s t r e s s e s  produced w i th in  the  specimen f a i l  to  s im ula te  the 
p r a c t i c a l  s i t u a t i o n .  Secondly, even i f  i t  i s  p o s s ib le  to  r e p ro ­
duce such c o n d i t io n s ,  d i f f i c u l t i e s  a r i s e  when t r y in g  to  apply 
r e s u l t s  o b ta ined  f o r  t e s t  specimens to  the  behaviour o f  the  same 
m ix tu res  in  a layered  pavement system.
As the  name su g g es ts ,  s im u la t iv e  t e s t s  s e t  out to  overcome such 
shortcomings by a t tem p tin g  to  s im ula te  the  c o n d i t io n s  exper ienced  
in  the  p r a c t i c a l  road s i t u a t i o n .
2 .1 .4 .2  Common S im ulative  Test Methods:
Laboratory  Wheel-Tracking t e s t ^ ^ ^ ^ ^ ^
M inia ture  T est T racks (****)
Large-Scale  Test Tracks
F u l l  Scale Road T r i a l s / 46X 48X 49)
2 .1 .4 .3  Advantages of S im ulative  T est Methods:
( i )  Simulate to  vary ing  d eg rees , the  load ing  c o n d i t io n s ,  s t r e s s e s ,  
compaction, environment and layered  s t r u c tu r e  found in  p r a c t i s e .
( i i )  Allow assessm ent of r e s i s t a n c e  to  defo rm ation  under r e a l ­
i s t i c  c o n d i t io n s ,  th e reb y  allow ing  m ix tu res  to  be "ranked" more 
r e a l i s t i c a l l y  than  by o th e r  methods.
( i i i )  L a rge-sca le  t e s t  t r a c k s  perm it the  behav iour o f  m ix tu res  
under c o n t ro l le d  t r a f f i c  c o n d i t io n s  to  be i n v e s t ig a te d .
( iv )  F u l l -S c a le  Road T r ia l s  a llow  the  behaviour o f m ix tu res
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under r e a l  environm enta l and t r a f f i c  c o n d i t io n s  to  be observed .
2 .1 .4 .4  D isadvantages of S im ulative  Test Methods:
( i )  They are  in  g en e ra l  more expensive to  c o n s t r u c t  and op e ra te
than  "co n v en tio n a l"  t e s t  methods.
( i i )  Require more time to  c a r ry  out and in  the case  o f  Large- 
Scale t e s t  t r a c k s  and F u l l -S c a le  Road T r i a l s  t h i s  time can be 
p r o h i b i t i v e .
( i i i )  In  F u l l -S c a le  Road T r i a l s  and Large-Scale  t e s t  t r a c k s ,  
env ironm enta l f a c to r s  are  v a r i a b l e .
( iv )  R esu lts  from L abora tory  Wheel-Tracking t e s t s  and M in ia tu re  
t e s t  t r a c k s  need to  be c o r r e la t e d  w ith  a c tu a l  road performance 
before  the  r e s u l t s  are  o f  p r a c t i c a l  u se .
( v) Such methods cannot rea so n ab ly  be ap p l ie d  to  Mix Design
in  the co n v en tio n a l  s e n s e .
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2.2 Test Methods Used in  the  C urren t I n v e s t i g a t io n ;
2 .2 .1  In t r o d u c t io n :
The fo llow ing  s e c t io n s  r e f e r  in  d e t a i l  to  v a r io u s  a sp e c ts  o f  the  
t e s t  methods used in  the  c u r r e n t  in v e s t ig a t i o n .  These methods 
are  name l y :
M arshall t e s t  
I n d i r e c t - T e n s i le  t e s t  
and Wheel-Tracking t e s t .
I t  should be noted th a t  many of the  p rev ious  a p p l ic a t io n s  have 
no t been d i r e c t l y  r e l a t e d  to  H.R.A., however, in  o rd e r  to  draw 
upon the  experience  gained w ith  o th e r  m a te r i a l s ,  the  au th o r  f e l t  
i t  n ece ssa ry  to  r e p o r t  upon a p p l ic a t io n s  to  Bituminous m ix tu res  
in  g e n e ra l ;  w ith  s p e c i f i c  re fe re n c e  to  H.R.A. whenever p o s s ib le ^
2 .2 .2  The M arshall Test Method:
2 .2 .2 .1  O utline  o f  T est Method
M ixtures are  made up a t  s e v e ra l  b in d e r  c o n ten ts  and c y l i n d r i c a l  
specimens 101.6 mm d ia  x  approx 63.5 mm h igh  (4 in  d ia  x  2 .5  in )  
are  compacted in  s t e e l  moulds us ing  a s tan d a rd  drop-hammer. (See 
l a t e r ) .
D eterm inations  are  then  made to  f a c i l i t a t e  the  c a l c u l a t i o n  of 
the  d e n s i ty  and void c o n ten t  o f  specimens.
The M arshall t e s t  i t s e l f  i s  a type o f  compression t e s t ,  conducted
a t  60°C (140°F). Load i s  a p p lied  to  the  curved su rfa ce  o f  the
specimen a t  a co n s ta n t  r a t e  o f  s t r a i n  of 50.8 mm/min (2 in /m in ) ,  
and the  maximum load su s ta in e d  along w ith  the  deform ation  a t  max­
imum load are  recorded  as M arshall S t a b i l i t y  (N, l b f  o r  k g f)  and
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M arshall Flow (mm or 0 .01 in )  r e s p e c t iv e ly .
From the r e s u l t s  o b ta in ed , an "optimum b in d e r  c o n te n t"  i s  d e t e r ­
mined, the  manner in  which t h i s  i s  done depends upon the  type 
of mix and i t s  a p p l i c a t io n .
(7 ) (1 7 ) (2 3 )N.B. A more d e t a i l e d  d e s c r ip t i o n  can be found e lsew h ere .
2 .2 .2 .2  H i s to r i c a l  Background:
The M arshall t e s t  procedure was o r i g i n a l l y  developed in  America 
by Bruce M arshall of the  M is s is s ip p i  S ta te  Highways Department.
During the  1940*s , the  U.S. Corps o f  Engineers adopted t h i s  method 
of t e s t i n g  and developed around i t  the  M arshall Mix Design p ro ­
cedu re , v a r i a t i o n s  on which are  w ide ly  used today . The work 
c a r r i e d  ou t to  t h i s  end was tw o -fo ld :
( i )  the  development of a compaction p rocedure , which r e s u l t e d  
in  specimen d e n s i t i e s  e q u iv a le n t  to  those  o f  pavement c o re s ,
( i i )  the  e s ta b l ish m e n t  o f  s u i t a b le  d esign  c r i t e r i a  f o r  s e l e c t i o n  
o f  "optimum b in d e r  c o n te n t" ,  based on the  r e s u l t s  from the  t r a f f ­
ic k in g  o f a F u l l -S c a le  T est Track a t  the  U.S„ Waterways Experim ental
(51)S ta t io n s ,  Vicksburg, M is s i s s ip p i .
The r e s u l t s  from the  above l e d .  to  the  adop tion  o f the  drop-hammer 
method o f compaction and the  des ig n  c r i t e r i a  s e t  down in  t a b le  
2. Optimum b in d e r  co n ten t  (O .B .C .) being based upon the  mean 
o f the  b in d e r  c o n ten ts  correspond ing  to  the  fo llow ing  in  the  la b o r ­
a to ry  t e s t :
( i )  Maximum S t a b i l i t y .
( i i )  Maximum Mix D ensity .
( i i i )  A value of Voids i n  the  Mix a t  the  middle o f  the  s p e c i f i e d
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r a n g e .
( iv )  A value o f  Voids f i l l e d  w ith  Binder a t  the  middle of the 
s p e c i f ie d  r a n g e .
N.B. A check i s  then  made to  ensure  a l l  c r i t e r i a ,  in c lu d in g  Flow, 
are  met a t  t h i s  O.B.C.
This procedure f o r  Mixture design  i s  a p p l ic a b le  to  A sp h a lt ic  Concrete
w ith  a nominal maximum aggregate  s iz e  o f  25 mm (1 in )  o r  l e s s ,
fo r  the  su r fa c in g  o f a i r f i e l d  pavements, and forms p a r t  o f  an
(52)o v e r a l l  Pavement Design procedure .
Over the  y ea rs  t h i s  o r i g i n a l  method has been extended to  the  des ig n  
o f  a s p h a l t i c  co n cre te  su r fa c in g s  f o r  Highway pavements. C u r re n t ly  
the  most w idely  used method f o r  t h i s  purpose i s  the  A sphalt I n s t i ­
tu te  method, based on d esign  c r i t e r i a  somewhat d i f f e r e n t  to  
those  s p e c i f ie d  f o r  a i r f i e l d s ,  see t a b le  2. Besides prominent 
use in  the  U .S.A ., the M arshall  method has found worldwide accep­
tance  f o r  the  design  of dense, c o n tin u o u s ly  graded a s p h a l t i c  co n cre te  
type su r fa c in g s  f o r  Highway pavements, see t a b le  3.
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Table 2
M arshall Design C r i t e r i a  : A sp h a lt ic  Concrete (S u rfa c in g s )
U.S. Corps of Engineers - AIRFIELDS
S t a b i l i t y A ll  m ix tu res 500 lb  min (2220N)
Flow A ll  m ix tu res 20 (0 .01  in )  max (5 .1  mm)
Voids i n  Mix A sp h a lt ic  Concrete 3 - 5%
Sand A sphalt 5 - 7%
Voids F i l l e d A sp h a lt ic  Concrete 75 - 85%
w ith  Binder Sand Asphalt 65 - 75%
Asphalt I n s t i t u t e - HIGHWAYS
TRAFFIC CATEGORY HEAVY MEDIUM LIGHT
Blows per face 75 50 35






Flow (min - max) 8 - 1 6  
(2 .0  - 4 .1 )
8 - 1 8  
(2 .0  - 4 .6 )
8 - 2 0  
(2 .0  - 5 .1 )
Voids in  Mix 
(min -  max)
3 - 5 3 - 5 3 - 5
Voids in  M ineral 
Aggregate
Minimum value g iven  in  d esign  manual 
depending on nominal maximum s iz e  of 
a g g re g a te .
(19)U.K. - AIRFIELDS 1
S t a b i l i t y 1800 lb  (min) (8000N)
Flow 0 - 1 6  (0 .01  in )  (4 .1  mm)
Voids in  Mix <riCO
Voids f i l l e d  
w ith  Binder 76 - 82%
21
Table 3
I n t e r n a t io n a l  M arshall Requirements f o r  Heavily 
T ra f f ic k ed  Roads
















Void in  
m in e ra l  
aggregate  
(%)
France 50 8 .0 1 .0 -3 .0 - 4 max -
Germany 75 3.0 1 .0 -4 .0 - 1-4 -
I t a l y 75 8 .0 1 .0 -3 .5 - 3-6 -
Holland 50 5.5 2 .5 -4 .5 3 .0* 2-4 -
Spain 75 7.5 2 .0 -3 .5 1 .5 -2 .0 3-5 15-22
Sw itzerland 50 10.0 1 .8 -2 .2 - 2-4 -
Turkey 50 6.0 2 .5 -4 .5 - 3-5 12*
U.S.A. 75 5 .0 2 .0 -4 .5 - 3-5 15*
Canada 75 5.4 2 .0 -5 .0 - 2-5 14-15
Japan 75 6.0 2 .0 -4 .0 - 3-5 17-20
South
A fr ica 75 4.5 2 .0 -4 .0 1.5* 2-10 JU15"
Minimum v a lu e s .
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In  the U.K., use has been l im ite d  to  the d esign  of a i r f i e l d  su r -
(19)fa c in g s ,  w ith  design  c r i t e r i a  based on those o r i g i n a l l y  d e v e l­
oped being used, see ta b le  2. U n t i l  r e c e n t ly  i t s  a p p l ic a t io n  
to  Highway su rfa c in g s  had been l im i te d  to  a few ex p er im en ta l  s e c t io n s  
of a s p h a l t i c  c o n c r e te .
2 .2 .2 .3  A p p lica t io n  to  Hot Rolled  Asphalt
The M arshall t e s t  was inc luded  in  B.S. 594 ( 1 9 7 3 ) ,^ ^  as an o p t io n a l  
a l t e r n a t i v e  to  the  re c ip e  method of s p e c i f i c a t i o n  f o r  H.R.A. wearing 
course  m ix tu re s .  This was the  f i r s t  a p p l i c a t io n  o f a Mix Design 
method to  H.R.A. in  the  U.K. and the  reasons  f o r  the  s e l e c t io n  
of the  M arshall t e s t  fo r  t h i s  purpose would appear to  stem from 
a com bination of the  fo l lo w in g :
( i )  S im p lic i ty  of appara tu s  and procedure .
( i i )  Worldwide acceptance of t h i s  method, f o r  the  d es ig n  of 
o th e r  dense bituminous s u r fa c in g s ,  and the  a s s o c ia te d  know­
ledge gained from t h i s .
( i i i )  A v a i l a b i l i t y  of equipment and t r a in e d  p e rso n n e l in  
many U.K. l a b o r a to r i e s .
/ 56  \As e a r l y  as 1958, Broome and P lease  re p o r te d  on an i n v e s t i g a t i o n
to  determ ine the  u se fu ln e ss  of Mechanical t e s t s  in  the  d esign
of H.R.A. s u r fa c in g s ,  in  which the  M arshall t e s t  was one o f  8
t e s t s  co n s id e re d .  Since then , i n t e r e s t  in  the  M arshall t e s t
(57)appears  to  have grown, in  1961, P lease  d iscu ssed  i t s  va lue  
in  a s s i s t i n g  in  the  design  of H.R.A. wearing course m ix tu re s ,  and 
i t s  a b i l i t y  to  measure the  r e s i s t a n c e  to  deform ation  of such m ix tu re s .
Some time l a t e r ,  a j o i n t  T ransport and Road Research L abora tory  -
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A sphalt and Coated Macadam A sso c ia t io n  (T .R .R .L . - A.C.M.A.)
(58 }Working P a r ty  was, s e t  up to  in v e s t ig a te  in  g r e a te r  d e t a i l  
the  a p p l ic a t io n  of the  M arshall t e s t  to  H.R.A. mix d e s ig n .
This took the form o f an i n t e r - l a b o r a t o r y  s tudy , in  which 6 la b o r ­
a t o r i e s ,  using  the  d r a f t  t e s t  p rocedure , proposed f o r  the  fu tu re  
(1973) r e v i s io n  of B.S. 594, in v e s t ig a te d  the  p r o p e r t i e s  of H.R.A. 
m ix tu res  comprised of 8 d i f f e r e n t  f in e  aggregate  sands covering  
a wide range of p h y s ic a l  p r o p e r t i e s .  The r e s u l t s  o f t h i s  in -
(59)v e s t i g a t i o n  fu rn ish ed  in fo rm a tio n  reg a rd in g  the  range o f O.B.C.
( 59 )and M arshall S t a b i l i t y  which could be expected  f o r  " t y p i c a l 11
sands a v a i la b le  in  the  U.K., and the  degree of r e p e a t a b i l i t y  and
( 58 }r e p r o d u c ib i l i t y  o f  t e s t  r e s u l t s .
The c o r r e l a t i o n  of la b o ra to ry  r e s u l t s  and f i e l d  performance i s
an e s s e n t i a l  p a r t  of d esign  procedures based on E m pirica l t e s t s ,
and to  t h i s  end, F u l l  Scale Road T r i a l s  have been l a i d ^ ' ^ ' ^ ^ ^
on s e c t io n s  of h e a v i ly  t r a f f i c k e d  roads in  the  U.K. Most impor-
(59)t a n t  of these  was t h a t  l a id  on the  A.33 W inchester-by-pass  
in  1972 which in c o rp o ra ted  307, s tone H.R.A. m ix tu res  comprised 
of the  8 sands in v e s t ig a te d  p re v io u s ly .  Although p e r i o d i c a l l y  
m onitored , no in fo rm atio n  re g a rd in g  the  performance o f the  m ix tu res  
under t r a f f i c  has y e t  been p u b l ish ed .
The o p t io n a l  Mix D esign-procedure in troduced  in  1 973^^  e n t a i l s  
the d e te rm in a tio n  o f an optimum b in d e r  co n ten t  fo r  the  s a n d - f i l l e r -  
b in d e r  p o r t io n  of the mix, coarse  aggregate  i s  no t in c lu d ed .
T est specimens, 24 in  a l l ,  2 a t  each of 12 b in d e r  c o n te n t s ,  a t  
0.57, by mass increm ents are compacted (50 blows per f a c e )  and 
t e s t e d  as p re v io u s ly  d e sc r ib e d .  Using the  d a ta  ob ta in ed  the
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fo llow ing  param eters  are  p lo t t e d  v s .  b in d e r  c o n te n t :
Mix d e n s i ty  (S^),
Compacted Aggregate d e n s i ty  ( S . )A
M arshall S t a b i l i t y  (S)
The O.B.C. i s  taken  as the  mean o f the  3 b in d e r  c o n ten ts  c o r r e s ­
ponding to  the  maximum va lu es  of S^, and S, an ad justm ent i s  
then  made to  o b ta in  a Target b in d e r  c o n ten t  fo r  a m ixture  c o n ta in ­
ing S7o coarse  a g g re g a te .
N.B. No l im i t in g  v a lu e s ,  reg a rd in g  S t a b i l i t y ,  Flow o r  Void Content 
were inc luded  a t  t h i s  tim e.
In  the  y ea rs  fo llow ing  1973, feedback from in d u s try ,  con tinued  
m onito r ing  o f F u l l -S c a le  Road T r i a l s  and f u r th e r  l a b o ra to ry  work 
secured d a ta  f o r  r e - a p p r a i s a l  o f  the  o r i g i n a l  d esign  p rocedure .
On the  b a s i s  o f  t h i s  in  February , 1979 the  is su e  o f Departm ental
(20) (3)Standard HD/2/79, re v is e d  p a r t s  of the  s p e c i f i c a t i o n  f o r
H.R.A. wearing c o u rse s .  This document made the  use o f  the  d e s ig n
method compulsory f o r  the  su r fa c in g  and r e s u r f a c in g  of a l l  t ru n k
ro ad s ,  p r in c ip a l  roads and motorways, c a r ry in g  over 250 commercial
v e h ic le s  in  one d i r e c t i o n  pe r day, and in troduced  the  requ irem en ts
shown in  ta b le  4 reg a rd in g  the  p r o p e r t i e s  o f  the  s a n d - f i l l e r - b i n d e r
m ortar a t  O.B.C.
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Table 4:
Requirements f o r  H.R.A. Wearing Course M ixtures 
(d e s ig n  method) a f t e r  HD/2/79
(a )  Optimum b in d e r  c o n ten t  of s a n d - f i l l e r - b i n d e r  m orta r  - no t 
l e s s  than  9.270 by mass.
(b) S t a b i l i t y :
T r a f f i c  Flow 
(Commercial 
V ehicles  pe r day)
Minimum S t a b i l i t y  
a t  m ortar  O.B.C. 
(Newtons)
Less than  2000 3000
2000 - 4000 4500
4000 -  6000 5500
More than  6000 6500
(c )  Flow: no t g r e a te r  than  5 mm a t  m orta r  O.B.C.
F u r th e r ,  the  des ig n  method was ex tended to  cover m ix tu res  c o n ta in -
/ 61 \ing Crushed Rock Fine aggregate  and Heavy-Duty bitumen, in
an a ttem pt to  g a in  f u r t h e r  improvements in  m ixture pe rfo rm ance .
This then  i s  the  p re se n t  s i t u a t i o n  in  the  U.K., e lsew here , m ix tu res
(14)resem bling H.R.A. are  used in  c e r t a i n  European c o u n t r ie s  and 
South A fr ic a .  Those used in  South A fr ica  have in  the
p a s t  been based on B.S. 594 com positions  bu t more r e c e n t ly  a t re n d  
towards the  use o f  the M arshall t e s t  to  design  such m ix tu res  i s  
a p p a ren t .  Board r e p o r t s  the  use of t h i s  method to  d e s ig n  
307c H.R.A. m ix tu res ,  based on p a s t  ex p e r ien c e ,  the  designed  mix­
tu r e s  are  r e q u ire d  to  have the  fo llo w in g  p r o p e r t ie s  to  ensure  
s a t i s f a c t o r y  performance:
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Minimum S t a b i l i t y  3330 N
Flow 2 .0  - 4 .6  mm
Voids in  Mix 4 - 6 7»
( 65L a te r ,  in  1974, Marais p u ts  forward t e n t a t i v e  des ig n  c r i t e r i a  
f o r  H.R.A. m ix tu re s ,  and th e se  a re  inc luded  in  ta b le  3.
2 .2 .2 .4  E f fe c t  of Sand F ra c t io n  on Binder Requirement and 
A sphalt P ro p e r t ie s
D if f e re n t  sands a lthough  conforming to  B.S. 594 grad ing  l im i t s
r e q u ire  d i f f e r i n g  amounts o f  b in d e r  in  o rd e r  to  produce the  most
s ta b le  and durab le  mix. This r e s u l t s  d i r e c t l y  from d i f f e r e n c e s
in  the  p h y s ic a l  p r o p e r t ie s  o f  the  sands, namely
P a r t i c l e - s i z e  d i s t r i b u t i o n  (g rad in g )
P a r t i c l e  shape
Surface t e x t u r e .
These in f lu en c e  the  packing c h a r a c t e r i s t i c s  and in  p a r t i c u l a r  
th« voids in  the  compacted aggregate  and hence the  amount o f  b in d e r  
which can be h e ld  by the  m i x . ^ ^
/  r-i  \  /  r r  \For s a n d - f i l l e r - b i n d e r  m ix tu res  P r ice  and Duthie concluded 
t h a t  g rading  was the  major f a c to r  governing the  b in d e r  c o n te n ts  
r e q u ire d  to  produce maximum mix d e n s i ty  and max s t a b i l i t y .
P a r t i c l e  shape and su rface  te x tu re  were a lso  im portan t but had 
a l e s s e r  in f lu e n c e .  Hence, app ly ing  the  M arsha ll t e s t  over 
a range o f b in d e r  c o n te n t s ,  should perm it the  d e te rm in a t io n  of 
an optimum b in d e r  c o n te n t ,  g iv in g  the  b e s t  compromise between 
d u r a b i l i t y  and s t r e n g th .
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P a r t i c l e  shape, su rface  te x tu re  and to  a l e s s e r  e x te n t  grading
( 66") ( 67")a lso  in f lu en c e  the  value o f  maximum s t a b i l i t y  a t t a in e d
by a g iven mix, as a r e s u l t  o f  t h e i r  e f f e c t  on i n t e r n a l  f r i c t i o n
and p a r t i c l e  i n t e r lo c k .  In  the  l i g h t  o f  the  requ irem en ts  of 
( 21)HD/2/79, emphasis has s h i f t e d  to  the  s e l e c t i o n  of rou g h /an g u la r  
sands in  o rd e r  to  produce h igh  s t a b i l i t y  m ixes, here  aga in  the  
M arshall t e s t  i s  of use in  a s s e s s in g  which sands a re  s u i t a b le  
f o r  the  s e v e re s t  t r a f f i c  c o n d i t io n s .
To i l l u s t r a t e  the  e f f e c t  of g rad ing  on the  p r o p e r t i e s  o f  the  r e s ­
u l t i n g  mix, a t t e n t i o n  i s  drawn to  ta b le  5. Showing the  e f f e c t  
on b in d e r  co n ten t  f o r  maximum s t a b i l i t y  and the  va lue  of maximum 
s t a b i l i t y ,  o f a l t e r i n g  the  g rad ing  of a s in g le  sand, w i th in  the  
l im i t s  o f  B.S. 594.
Table 5 :
E f fe c t  of Grading on M arshall P r o p e r t i e s :
( 68 ^(Based on the work of Bellamy )
Grading







Binder Content fo r  
Maximum S t a b i l i t y  
(7o by mass) 7 .0 8 .0 11.0
Maximum S t a b i l i t y  
(Newtons) 5775 4485 3100
The preced ing  has r e l a t e d  to  s a n d - f i l l e r - b i n d e r  m ix tu re s .
As f a r  as 307o stone H.R.A. are concerned, r e s u l t s  p re sen te d  by 
D u t h i e ^ ^  and L e e s ^ ^  in d ic a te  the  sand f r a c t i o n  i s  s t i l l  dominant
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in  de term in ing  the b in d e r  requirem ent and p r o p e r t i e s  of the  mix, 
confirm ing  s im i la r  f in d in g s  fo r  A sp h a lt ic  C oncrete .
2 .2 .2 .5  R e p e a ta b i l i ty  and R e p r o d u c ib i l i ty ;
For a t e s t  method to  be s a t i s f a c t o r i l y  ap p lied  to  Mix Design, 
the r e s u l t s  ob ta ined  must be re p e a ta b le  and re p ro d u c ib le .  These 
terms are  de fined  e l s e w h e r e a n d  r e f e r  to  the  degree o f  v a r i a t i o n  
a s s o c ia te d  w ith  the  ex ecu tio n  of the  t e s t  p rocedure .
^  (7 2 ) (7 3 )(7 4 ) (7 5 )(7 6 ) (7 7 )  .  ^ . . , , .Numerous a u th o rs  have re p o r te d  co n sid e ra b le
v a r i a t i o n  in  measured S t a b i l i t y  va lues  f o r  what are  nom inally
i d e n t i c a l  samples of A spha ltic  C oncrete . Q uan tif ied  in  terms
(73)of Standard D ev ia tion  r e s u l t s  inc luded  in  ta b le  6a in d ic a te
v a lu es  rang ing  550 - 1670N (100 - 300 l b s . )  In  c o n s id e r in g
th ese  r e s u l t s  i t  must be recogn ised  t h a t  a lthough  they  r e f e r  to
s in g le  o p e ra to rs  us ing  s in g le  s e t s  of a p p a ra tu s ,  m ix tu res  were
sampled from o p e ra t io n a l  mixing p la n t ,  th e reb y  in tro d u c in g  sources
(73)of v a r i a t i o n  no t r e l a t e d  to  t e s t  method a lo n e .
( 78 )In  a c o n t ro l le d  la b o ra to ry  in v e s t i g a t i o n  in  1962, Vokac d e t ­
erm ines a value of 340N (61 lb s )  f o r  Standard D ev ia tio n .  However,
the  v a l i d i t y  of t h i s  r e s u l t  must be questioned  as the  s tan d a rd
(76drop-hammer compactor was no t used and t h i s  i s  cons ide red  by some 
to  be one o f  the  major sources of the  v a r i a t i o n  a s s o c ia te d  w ith  
t h i s  t e s t .
The preceding  r e l a t e s  to  the v a r i a t i o n  occuring  when the  M arsha ll  
t e s t  i s  rep ea ted  in  a s in g le  la b o ra to ry  ( r e p e a t a b i l i t y ) .  R e s u l ts
concerning the v a r i a t i o n  occuring  when the  t e s t  i s  c a r r i e d  out 
in  d i f f e r e n t  l a b o r a to r ie s  ( r e p r o d u c ib i l i t y )  a r e .g iv e n  in  t a b le  6 (b ) .
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Table 6 :
M arshall Test : R e p e a ta b i l i ty  and R e p ro d u c ib i l i ty




.a t io n  - S t a b i l i t y  
Newtons
Odasz and Nafus^7^  1954 255 1400
C orbe tt  and Warden^ 7^  1955 132 - 264 720 - 1450
C orbe tt  1956 140 - 195 770 - 1075
P a rk e r (75) 1956 275 - 301 1500 - 1650
N e v i t t^ 76) 1959 199 1100
Shook^77  ^ 1960 155 850
(b) Laboratory  S tud ies  - Hot Rolled  Asphalt 
( a f t e r  H i l l s ^ ^ )
R esu lts  are  mean va lues  f o r  m ix tu res  c o n ta in in g  8 d i f f e r e n t  
sands, t e s t e d  in  .6 d i f f e r e n t  l a b o r a to r i e s .
MORTAR MIXES - p r o p e r t i e s  a t  OBC.
R e p ro d u c ib i l i ty  (R) R%
S t a b i l i t y  (kN) 2.3 47
Flow (mm) 1.5 36
Quotient (kN/mm) 0.7 57
307o Stone Mixes - p r o p e r t i e s  a t  OBC.
S t a b i l i t y  (kN) 2.8 36
Flow (mm) 1.1 36
Q uotient (kN/mm) i . 6 61
N.B. R e p ro d u c ib i l i ty  (R) = Standard d e v ia t io n  x 2.77
R% = R  x 100
mean
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These f ig u r e s  were ob ta ined  in  the TRRL - ACMA study r e f e r r e d  to
( CO \p re v io u s ly ,  '  and are  in  c lo se  agreement w ith  r e s u l t s  ob ta ined  
in  an e x ten s iv e  i n v e s t ig a t i o n  o f  a s im i la r  n a tu re  c a r r i e d  ou t in  
Holland, and those p re sen ted  by H i n g l e y . ^ ^
From the a v a i la b le  in fo rm atio n ,  i t  i s  apparen t th a t  a t  p re s e n t  the 
r e p e a t a b i l i t y  and r e p r o d u c ib i l i t y  of the  M arshall t e s t  arse u n a c c e p ta b le .
2 .2 .2 .6  What i s  Measured in  the M arshall Test?
In  the  l i t e r a t u r e  the  M arshall t e s t  i s  v a r io u s ly  desc r ib ed  as a 
"type of unconfined compression t e s t "  o r  a "type of sem i-confined  
compression t e s t . "  Due to  the  n a tu re  of the  load ing  c o n d i t io n s
(81 )i t  i s  im possib le  to  analyse  the  s t r e s s  c o n d i t io n s  during  the  t e s t
and i t  i s  a lso  concluded th a t  a c e r t a i n  degree of l a t e r a l  c o n f in e -
( 82 }ment i s  imposed upon the  specimen due to  f r i c t i o n  fo r c e s .
The presence of confinement means th a t  the  t e s t  i s  no t e q u iv a le n t
( 8 3 ')to  an unconfined compression t e s t  on t a l l  specimens, however, 
an e q u iv a le n t  degree of confinement can be produced in  unconfined 
compression t e s t s  on specimens w ith  low, h e ig h t-d ia m e te r  r a t i o s .
Hence, when t a lk in g  in  terms of M arshall S t a b i l i t y  we are  e s s e n t i a l l y  
co n s id e r in g  a measure of s h e a r - s t r e n g th  under c o n d i t io n s  o f  l im i te d  
f r i c t i o n a l  ( l a t e r a l )  su p p o rt ,  the  l a t t e r  in c re a s in g  as S t a b i l i t y  
i n c r e a s e s . Under  such co n d i t io n s  the  m ixture  under t e s t  r e l i e s  
to  a la rg e  e x te n t  upon Cohesion to  develop i t s  s t r e n g th .
M arshall Flow on the o th e r  hand i s  simply a measure o f  permanent
s t r a i n  a t  f a i l u r e ,  r e s i s t a n c e  to  such s t r a i n  being o b ta ined  p r im a r i ly
( 8 5  \from aggregate  in t e r lo c k  and in t e r n a l  f r i c t i o n .  McLeod, p o in ts
( 78  \to  a s trong  n ega tive  c o r r e l a t i o n  in  the r e s u l t s  of Goetz, '  between
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M arshall Flow and Angle of I n t e r n a l  F r i c t i o n  which i s  seen by 
( 69 }Lees to  imply th a t  Flow i s  d i r e c t l y  r e l a t e d  to  the geometry 
o f  the o r i g i n a l  aggregate  s t r u c t u r e .  In  comparing Flow w ith  
Hveem R e la t iv e  S t a b i l i t y ,  P le a s e ^ * ^  shows a s im i la r  r e l a t i o n ­
sh ip  e x i s t s  fo r  HRA's and concludes t h a t  a s s ig n in g  a maximum l im i t  
to  Flow i s  e q u iv a le n t  to  a ss ig n in g  a minimum l im i t  to  I n t e r n a l  
F r i c t i o n .
2 .2 .2 .7  A b i l i ty  to  Assess R es is tance  to  Deformation
The a b i l i t y  o f  M arshall  S t a b i l i t y  or Flow va lues  to  p r e d i c t  a
m ix ture*s  r e s i s t a n c e  to  deform ation  under t r a f f i c ,  appears  to
. -j i . . . ' (4 2 ) (4 4 )(8 1 )be lack ing  m  many in s ta n c e s .
( 56 ^Early  work w ith  H,R.A. in d ic a te d  th a t  th ese  va lu es  a lone were 
no t ab le  to  a c c u ra te ly  p r e d ic t  a m ix ture*s  performance in  a l l  . 
c a s e s .  A "ranking** of m ix tu res  in  terms of S t a b i l i t y  and Flow, 
d i f f e r e d  somewhat from th a t  on the  b a s is  of t h e i r  performance 
in  simul&ive t e s t s .  A s im i la r  d isagreem ent i s  re p o r te d  e l s e -  
w h e re .(86)
In  the road s i t u a t i o n  and in  s im u la t iv e  t e s t s ,  m ix tu res  a re  r e ­
s t r a in e d  by the surrounding  and u nderly ing  m a te r i a l ,  a l though  
the magnitude of r e s t r a i n t  may d i f f e r ,  in  such in s ta n c e s  r e s i s t a n c e  
to  deform ation  w i l l  be la rg e ly  a fu n c t io n  of aggregate  i n t e r l o c k  
and i n t e r n a l  f r i c t i o n ,  r a t h e r  than  cohesion  as in  the  M arsha ll  
t e s t .  This f a c t  may in  some way account fo r  the poor agreement 
observed .
To overcome the l im i t a t i o n s  of S t a b i l i t y  o r  Flow a lo n e , many 
a u t h o r s ^ " ^ s u g g e s t  th a t  the use of the  r a t i o  of S t a b i l i t y
32
to  Flow, r e f e r r e d  to  as M arshall Q uotien t (Q), may lead  to  a b e t t e r  
c o r r e l a t i o n  w ith  perform ance.
/ oo \This r a t i o  was f i r s t  proposed by N i jb o e r '  '  who equated  the  S t i f f ­
ness  Modulus o f  a m ix tu re ,  under c o n d i t io n s  o f  the M arshall t e s t  
to
= 1.58 S (kg/cm^)
F
where S = M arshall S t a b i l i t y  (kg)
F = M arshall Flow (mm) 
and S/F = M arshall  Q uotien t (Q) = (kg/mm).
Attempts were then  made to  s e t  re q u ire d  va lues  of Q, i n i t i a l l y
Required Q > 30 x  Tyre p re ssu re  
(kg/mm) (kg/cm2)
( 8 9  \w ith  Edwards l a t e r  r e p o r t in g  th a t  o th e r  work suggested  f ig u r e s  
of Q as
1.0 kN/mm f o r  Northern  Europe
2.0 kN/mm fo r  a reas  w ith  h o t t e r  c l im a te s .
(1 4 )(5 3 )
Such requ irem en ts  are  now p a r t  o f s p e c i f i c a t i o n s  in  c e r t a i n  c o u n t r i e s ,  
see ta b le  3. This i s  no t the  case  in  the  U.K., a l though  i t
(  C O  \i s  re p o r te d  } t h a t  c e r t a i n  Highway A u th o r i t ie s  s p e c i fy  t h e i r  
own requ irem ents  reg a rd in g  Q, t y p i c a l  va lues  suggested  as s u i t a b l e  
f o r  heavy t r a f f i c  c o n d i t io n s  a r e :
S a n d - f i l l e r - b in d e r  mix 1.1  to  1.5 kN /m m ^^
S to n e - f i l l e d  mix 2 .0  to  2 .5  kN/mm.
( 2 7 )In  t h i s  c o n te x t ,  c o n s id e ra t io n  of the  requ irem ents  of HD/2/79 
can lead to  what may be termed '’im p lied1' minimum va lues  of Q,
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fo r  d i f f e r e n t  t r a f f i c  i n t e n s i t i e s ,  see ta b le  7.
Table 7 :
M arshall Q uotien t - " im plied  v a lu e s ” HD/2/79 
S a n d - f i l l e r - b in d e r  mixes a t  O.B.C.
T r a f f i c  Category 
c .v .d .
S p ec if ied
Minimum






le s s  than  2000 3.0 0 .6
2000 - 4000 4.5 0.9
4000 - 6000 5.5 1.1
more than  6000 6.5 1.3
^maximum Flow value a t  O.B.C. = 5 mm
hence " im p lied"  Q = S t a b i l i t y  f 5 .0 , kN/mm.
Although M arshall Q uotien t should c o r r e l a t e  b e t t e r  w ith  r e s i s t a n c e  
to  deform ation , r e s u l t s  of la b o ra to ry  s t u d i e s ^ ^ ^ ^  using  
s im u la t iv e  t e s t  methods f a i l  to  in d ic a te  d e f i n i t e l y  i f  t h i s  i s  
the  c a s e .
However, r e s u l t s  of la b o ra to ry - ro a d  c o r r e l a t i o n s  do sugges t  t h a t
the r e l a t i o n s h ip  between r u t  depth  under t r a f f i c  i s  more c lo s e ly
r e l a t e d  to  Q u o t i e n t ^ t h a n  S t a b i l i t y ,  w ith  the  odd excep-
( 93 )t i o n .  Lack of such in fo rm atio n  stems from the  time needed
to  c o l l e c t  i t  and those  r e l a t i o n s h ip s  which have been e s t a b l i s h e d  
show a h igh  degree of s c a t t e r ,  which can be a t t r i b u t e d  to :
( i )  the  v a r ia b le  env ironm enta l and t r a f f i c  c o n d i t io n s
( i i )  poor r e p e a t a b i l i t y / r e p r o d u c i b i l i t y  o f  the  t e s t
( i i i )  use of r u t  depths a f t e r  only sh o r t  p e r io d s  under t r a f f i c .
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In  co n c lu s io n ,  i t  appears  both  S t a b i l i t y  and Q uotient are  c lo s e ly  
r e l a t e d  to  the performance of H.R.A. m ix tu re s .  More d a ta  i s  
re q u ire d  before  any g re a t  s ig n i f ic a n c e  can be p laced  on r e s u l t s .
2 .2 .2 .8  A p p lica t io n s  to  Q u a li ty  C o n tro l :
In  common w ith  a l l  m anufacturing  p ro cesses  the p ro du c tio n  o f B i t -
(73)uminous m ix tu res  i s  s u b je c t  to  v a r i a t i o n .  As m ix tu res  o f
the h ig h e s t  q u a l i ty  are  re q u ire d  t h i s  v a r i a t i o n  must be kep t to  
a minimum, the  techn iques  employed to  t h i s  end are termed Q u a li ty  
C o n tro l .
The M arshall t e s t  has been used f o r  many y ea rs  in  the
(94)and elsew here  as the b a s is  f o r  Q u a li ty  C on tro l of A sp h a l t ic
c o n c re te .  This e n t a i l s  t e s t i n g  samples of m ixture  taken  from
the mixing p l a n t ,  and p lo t t i n g  the  t e s t  r e s u l t s  on S t a t i s t i c a l
Q u a li ty  C on tro l C h a r ts ,  the  m athem atica l b a s is  o f  which i s
(95)d esc r ib ed  e lsew h ere . F a i lu re  o f d a ta  to  f a l l  w i th in  p r e ­
determ ined l im i t s  in d ic a te s  v a r i a t i o n  i s  g r e a te r  than  ex p ec ted ,  
and the  source of t h i s  v a r i a t i o n  can be sought and r e c t i f i e d  w i th in
(72)a sh o r t  t im e , thus  m a in ta in in g  a h igh  q u a l i ty  p roduct (m ix tu re ) .
In  the  U.K., H.R.A. m ix tu res  have in  the  p a s t  been t e s t e d ,  only  
to  check compliance w ith  the  re c ip e  s p e c i f i c a t i o n .  • With an 
in c re a s in g  emphasis on deform ation  r e s i s t a n t  m ix tu res  c e r t a i n  
Highway A u t h o r i t i e s ^ ^ h a v e  begun to  employ tech n iq u es  s im i la r  
to  those o u t l in e d  above, which are  a p p l ic a b le  e i t h e r  a t  the  p o in t  
of manufacture o r can be extended to  a c e n t r a l  l a b o r a to r y .
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2 .2 .3  The I n d i r e c t - T e n s i l e  Test Method
2 .2 .3 .1  O u tline  of Test Method
This invo lves  app ly ing  an in c re a s in g  compressive load , d i s t r i b u t e d  
along op p o s ite  g e n e ra to rs  o f  a c y l i n d r i c a l  specimen r e s u l t i n g  
in  the  development o f  a r e l a t i v e l y  uniform t e n s i l e  s t r e s s  a c t in g  
p e rp e n d icu la r  to  the  loaded d ia m e tra l  p la n e .  F a i lu re  u s u a l ly  
occurs  by " s p l i t t i n g "  along t h i s  plane due to  the  t e n s i l e  s t r e s s ,  
the reby  a llow ing  c a l c u l a t i o n  of the  T en s i le  S tren g th ,  knowing 
the  load a t  f a i l u r e ( P )  and specimen diam eter(D) and le n g th ( L ) .
2 .2 .3 .2  Theory
The t h e o r e t i c a l  s t r e s s  d i s t r i b u t i o n ,  (see  f ig u re  1) under such
load ing  c o n d i t io n s  can be de rived  from F r o c h t 's  e q u a tio n s  f o r
(97)s t r e s s e s  a t  a p o in t  f o r  the  case  of a t h i n  d isc  su b jec ted
to  p o in t  loads a t  o p p o s ite  ends of a d iam e te r .  (Corresponding
to  a c y l in d e r  w ith  l in e  loads a long o p p o s ite  g e n e r a to r s ) .  This
in d ic a te s  t h a t  on the  loaded d iam eter :
( i )  V e r t i c a l  s t r e s s  i s  com pressive, vary ing  from 6P
ttLD
a t  the  c e n tre  to  i n f in i ty .b e n e a th ,  the  load p o in t s .
( i i )  H o rizo n ta l  s t r e s s  i s  t e n s i l e ,  w ith  a c o n s ta n t  value
of 2P  - (1)
TTLD
Under such c o n d i t io n s  the  specimen would be expected  to  f a i l  in  
compression d i r e c t l y  beneath  the  load p o in t s ,  however, in  r e a l i t y  
c o n d i t io n s  d ev ia te  co n s id e ra b ly  from those  assumed in  the  e x ac t  
s o lu t io n  given above:
( i )  The heterogeneous n a tu re  and n o n - l in e a r  s t r e s s - s t r a i n  
behaviour of m a te r ia l s  under t e s t  w i l l  undoubtedly e f f e c t
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A p p l i e d  l o a d ,  P, d i s t r i b u t e d  o v e r  w i d t h  ' a '  D i s t r i b u t i o n  o f  h o r i z o n t a l  a n d  v e r t i c a l  s t r e s s e s  o n  t h e
v e r t i c a l  d i a m e t e r  o f  a  c y l i n d e r  l o a d e d  o v e r  a  w i d t h  a =  ^
F i g . 2 .  S T R E S S  D I S T R I B U T E R  IH A CYL I NDE R DUE TO A  D I S T R I B U T E D  L O A O
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the s t r e s s  d i s t r i b u t i o n  to  an unknox-m degree . Wright 
concludes t h i s  e f f e c t  i s  p robably  sm all and th a t  the  non­
l i n e a r  s t r e s s - s t r a i n  behaviour w i l l  tend  to  r e l i e v e  the  more 
h ig h ly  s t r e s s e d  a re a s ,  r e s u l t i n g  in  'h i g h 1 va lu es  of T en s ile  
s t r e n g th .
( i i )  Load i s  unavoidably  d i s t r i b u t e d  over a f i n i t e  a rea  and 
( 98 ^Wright concludes t h a t  t h i s  r e s u l t s  in :  ( r e f e r  f ig u re  2)
( a ) ' a  s i g n i f i c a n t  r e d u c t io n  in  v e r t i c a l  compressive 
s t r e s s  d i r e c t l y  beneath  the  loaded a re a .
(b) a change in  the  h o r i z o n ta l  t e n s i l e  s t r e s s ,
to  compression beneath  the  ap p lied  load , w h i l s t
rem aining c o n s ta n t  over approx im ate ly  \  o f the
v e r t i c a l  d iam e ter ,  a t  a value of
2P 1 - d_ (&C - s in  oc) - (2)
TTLD 2a
Again, f a i l u r e  in  compression beneath  the ap p lied  load would be
/ go  W g g Nexpec ted , however, i t  i s  suggested t h a t  in  t h i s  reg io n
a t r i a x i a l  s t r e s s  s i t u a t i o n  e x i s t s  and s t r e s s e s  much g r e a t e r  
than  the  compressive s t r e n g th  can develop w ithou t caus ing  f a i l u r e .
F a i lu re  in  compression does n o t ,  th e r e f o r e ,  occur be fo re  the  t e n ­
s i l e  f a i l u r e .
The value of T en s ile  S tren g th ,  g iven  by e q u a t io n  (2) d i f f e r s  by
le s s  than  0.57, from th a t  g iven by F r o c h t ’ s formula ( 1 ) ,  and the
(99)l a t t e r  i s ,  t h e r e f o r e ,  s u f f i c i e n t  to  e v a lu a te  T en s i le  S tren g th .
In  g e n e ra l  th e re  i s  l i t t l e  reason  to  doubt the  r e s u l t s  ob ta in ed
(97)provided the  specimen f a i l s  in  te n s io n .
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2 .2 .3 .3  H i s to r i c a l  Background
The In d i r e c t - T e n s i l e  t e s t  i s  r e p o r t e d ^ ^ ^  to  have been developed 
s im u ltaneous ly  and independen tly  by Akazawa in  Japan and C arneiro  
and B arce llo s  in  B ra z i l ,  c i r c a  1942. Due to  the  l a t t e r  being 
the  g e n e ra l ly  acknowledged o r ig i n ,  t h i s  t e s t  i s  commonly r e f e r r e d  
to  as the  B ra z i l i a n  t e s t .
Since i t s  development, i t  has been s u c c e s s fu l ly  ap p lied  to  a range
of " b r i t t l e "  m a te r i a l s ,  n o ta b ly  c o n c re te .  I t s  use has been
favoured by many as i t  i s  much e a s i e r  to  conduct th an  o th e r  so-
(97)c a l l e d  d i r e c t  methods o f  T en s i le  S tren g th  d e te rm in a t io n .
A p p lic a t io n  to  Bituminous m a te r ia l s  has been l im i te d  u n t i l  r e c e n t ly ,
those  a ttem pts  which have been made a re  now d is cu s sed .
2 .2 .3 .4  A p p lica t io n  to  Bituminous M ixtures
The e a r l i e s t  a p p l i c a t i o n ^ t o  A sp h a lt ic  Concrete was in  1962, 
us ing  p r ism a tic  specimens and a method of a n a ly s is  based on the  
Mohr-Coulomb S tren g th  Law. The s t r e s s  a t  f a i l u r e  was r e l a t e d  
to  Cohesion and Angle of I n t e r n a l  F r i c t i o n ,  l a t e r  used to  c a l c u l a t e  
Bearing C apac ity .
L a te r  work in  the  U . S . A . ^ ^ ^ ^ ^  and C a n a d a ^ ^ ^  u t i l i s e d  t h i s  
method to  e v a lu a te  the  r e s i s t a n c e  of A sp h a lt ic  Concrete to  t e n s i l e  
c rack in g  a t  low t e m p e r a t u r e s ^ ^ ^  103) t e n s i l e  s t r e n g th  a t  
tem p e ra tu reS. (39>
In  1965, a major in v e s t ig a t i o n  in to  the  a p p l i c a t io n  of the  I n d i r e c t -  
T en s ile  t e s t  to  S ta b i l i s e d  and A s p h a l t - t r e a te d  m a te r ia l s  was begun
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( 9 7 )a t  the U n iv e rs i ty  of Texas, a t  A ustin . This inc luded  a
t h e o r e t i c a l  and ex p er im en ta l  e v a lu a t io n  of i t s  a p p l i c a t io n  to
A sp h a lt ic  Concrete and l a t e r  an e x ten s io n  of the th eo ry ,
( 34 )method and a n a ly s is  to  enable  the d e te rm in a tio n  of Young1s
Modulus and P o is s o n 's  R a t i o . ^ ^ ^ ^ ^  These technique s were
s u c c e s s fu l ly  a p p l ie d ,  to  determ ine f a c to r s  in f lu e n c in g  the T ens ile
e la t e  
( 110) ( 111)
p r o p e r t i e s  of A sp h a l t - t r e a te d  m a t e r i a l s ^ ^ ^ ^ ^  and to  c o r r
T en s i le  p r o p e r t i e s  w ith  S tab ilo m e te r  and Cohesiometer v a lu e s .
More r e c e n t ly ,  the  procedures  have been m odified  f u r t h e r  to  f a c i l i ­
t a t e  the d e te rm in a t io n  of the  p r o p e r t i e s  of such m a te r ia l s  under
i e t y  
(U 4 )
rep ea ted  lo ad in g , w ith  a t e n t a t i v e  American S ocie t
f o r  T es t in g  M a te r ia ls  (A.S.T.M.) s tandard  being p rep a red .  
Elsewhere, M a u p in ^ ^ ^  and M a r i a s h a v e  a ttem pted  to  r e l a t e
I
va lues  of T en s ile  " s t i f f n e s s "  and I n d i r e c t - T e n s i le  s t r e n g th  to  
the  f a t ig u e  l i f e  of b itum inous m ix tu re s .
(14)In  Belgium, 7 t h i s  method has been used e x te n s iv e ly  s ince  the
( 33 )e a r ly  1970*s .  Huet d e sc r ib e s  the  t e s t  method, in c lu d in g  
the  measurement o f  V e r t ic a l  Deformation a t  f a i l u r e  (AD), e n ab lin g  
the  c a l c u l a t i o n  o f :
V e r t ic a l  D iam etral S t r a in  a t  F a i lu re  = AD
D
and T en s ile  C o e f f ic ie n t  under D iam etral
Compression a t  F a i lu re  = P___  ( u n i t s  o f  s t r e s s )
L.AD
( 33 )Huet in d ic a te s  th a t  the  l a t t e r  i s  a fu n c t io n  of tem pera tu re  
and suggests  t h i s  may, th e r e f o r e ,  give an in d ic a t io n  of a m ix tu re*s  
r e s i s ta n c e  to  deform ation  a t  h igh  tem p e ra tu res ,  while  r e s u l t s
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o b ta ined  a t  -10 C w i l l  in d ic a te  a m ixture  r e s i s t a n c e  to  c rack in g  
a t  low tem p e ra tu res .  R esu l ts  from an in t e r - l a b o r a to r y  i n v e s t i ­
g a t io n  in d ic a te  t h a t  the r e p e a t a b i l i t y  and r e p r o d u c ib i l i t y  of
(33)the  t e s t  are  good, but i t s  a b i l i t y  to  a s se s s  the e f f e c t  of
t io n a  
(116)
(33)com posit ional v a r i a t i o n  claimed by Huet i s  no t supported  by
C e la rd .
In  J u ly ,  1973, the B elg ian  Roads A d m in is tra t io n  in troduced  f o r
a t r i a l  p e r io d ,  t e n t a t i v e  " S t a b i l i t y "  c r i t e r i a  f o r  A sp h a lt ic  C oncrete ,
(14)based upon In d i r e c t - T e n s i l e  t e s t  r e s u l t s ,  these  are  shown 
in  ta b le  8.
Table 8
T e n ta t iv e  "Design C r i t e r i a  based on I n d i r e c t - T e n s i l e  t e s t . " 
(Belgium)
^ ' " ^ • ^ ^ T e s t  Temperature 
P ro p er ty -10°C 45°C
TrhD {kg/cm } ^  33 ^  1.1
AD
D - ^  0.033
Some y ears  l a t e r ,  F r a n c k e n ^ ^ ^ ^ ^  p re s e n ts  r e s u l t s  c o r r e l a t i n g  
'■ In d i r e c t - T e n s i l e  t e s t  param eters  w ith  road perform ance. The 
param eter used was the  r a t i o  of V e r t ic a l  D iam etral S t r a in  to  H ori­
z o n ta l  T en s i le  S t r e s s ,  a t  f a i l u r e
= ttl. D
2P
A good l i n e a r  c o r r e l a t i o n  ( r  = 0 .867) e x i s t s  between t h i s  pa ram eter
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and r u t  depth a f t e r  5 yea rs  heavy t r a f f i c .
(14 )(27)
In  France, t h i s  t e s t  method i s  used in  c o n ju n c t io n  w ith  the  Duriez ,
to  a s se s s  the r e s i s t a n c e  of m ix tu res  to  low tem peratu re  c ra ck in g .
However, the only a p p l i c a t io n  to  H.R.A. has been in  South A fr ica ,
(9)in  r e l a t i o n  to  the c rack in g  r e s i s t a n c e  o f  o v e rlay s  and the  
f a t ig u e  r e s i s t a n c e  o f  wearing course m ix tu re s ,  w ith  l i t t l e  
pub lished  in fo rm atio n  a v a i l a b le .
In s p i te  of f a i r l y  w idespread usage, no s tan d a rd  t e s t  method has 
so f a r  evo lved , v a r io u s  methods have and are  being used and these  
are  summarised in  ta b le  9.
2 .2 .4  The Wheel-Tracking Test Method:
2 .2 .4 .1  O utline  o f  Test Method:
Test specimens, in  the  form of r e c ta n g u la r  s la b s  are  compacted 
in  a s t e e l  mould by means of a la b o ra to ry  ro l le r -c o m p a c to r  which 
aims to  s im ula te  c o n s t r u c t io n  r o l l i n g .
T es t in g  invo lves  su b je c t in g  the compacted specimen, s t i l l  r e s t r a in e d  
w ith in  the  s t e e l  mould, to  the rep ea ted  passage of a wheel, loaded 
to  produce a c o n ta c t  p re ssu re  e q u iv a le n t  to  t h a t  of a heavy comm­
e r c i a l  v e h ic le .  The depth  o f  the  r u t  which develops w ith  succ­
e s s iv e  passages of the  wheel i s  recorded  th roughout the  t e s t  which 
i s  conducted a t  an e le v a te d  tem perature  to  s im ula te  the  most severe 
s i t u a t i o n  l i k e l y  to  be encountered  in  p r a c t i s e ,  and a lso  to  reduce 
the  time involved in  t e s t i n g .
The e s s e n t i a l  f e a tu re s  of t h i s  t e s t  which a re  im portan t in  s im u la t in g  
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( i )  deform ation  of the  m ixture  beneath  the wheel i s  p a r t i a l l y  
r e s t r a in e d  by the  surrounding  m a te r ia l
( i i )  load i s  ap p l ie d  by a r o l l i n g  wheel and, t h e r e f o r e ,  the  
c o n ta c t  a rea  i s  su b jec ted  to  s t r e s s e s  which vary  in  both  magni' 
tude and d i r e c t i o n .
2 .2 .4 .2  H i s t o r i c a l  Background:
The o ld e s t  t e s t  o f t h i s  type was developed a t  the T .R .R .L .,  Crow- 
th o rn e ,  England. Test specimens 305 x 305 x 50mm are  compacted 
u s ing  32 passes  of a s t e e l - c l a d  r o l l e r  com pac to r^ ^  app ly ing  a 
load of 2.68 kg pe r l i n e a l  mm ac ro ss  the w idth  of the  specimen. 
Specimens are  then  t r a n s f e r r e d  to  the  Wheel-Tracking Machine i t s e l f  
and t e s t e d  under the  fo llow ing  c o n d i t io n s :
2( i )  mean c o n ta c t  p re ssu re  520 - 550 kN/m 
( i i )  42 passes  pe r minute
( i i i )  d is ta n c e  of t r a v e l  250 mm 
( iv )  t e s t  tem perature  45°C.
Rut depth  i s  measured p e r io d i c a l ly  a t  the  m id-po in t o f  the  s p e c i ­
men and Deformation v s .  Time curves  are  produced from which the  
mean r a t e  of in c re a se  in  r u t  depth  i s  determined in  mm/hr.
T es ts  are  norm ally  con tinued  f o r  45 m inutes o r  u n t i l  the  r u t  dep th  
reaches  15 mm, whichever i s  s h o r t e s t .
The above procedure can be m odified  to  perm it the t e s t i n g  o f  150
(54)mm d iam eter co res  taken  from in - s e r v ic e  pavements.
Subsequently , s e v e ra l  c o u n t r ie s  have b u i l t  equipment based on 
the same p r in c ip l e ,  but many have simply adopted the  ap p a ra tu s
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developed by T .R .R .L .,  n o ta b ly  Spain, Japan^
,- . (65)and South A fr ica .
In  France and B e l g iu m ^ " ^  a somewhat la rg e  machine " o rn ie re u r"
has been developed to  a llow  2 p a r a l l e l e p ip e d ic  specimens to  be 
t e s t e d  s im ultaneous , as does a s im i la r  p iece  o f  equipment used 
in  H olland.
S im ila r  developments appear no t to  have been made in  the  U .S.A .,
where la rg e  sca le  o r  m in ia tu re  t e s t  t r a c k s  s t i l l  f in d  p re fe re n ce
(42)f o r  s im u la t iv e  t e s t i n g .  However, Csanyi and Fung r e p o r t  
the  development o f  a " T ra f f ic  S im ulato r"  in  which 6 M arsha ll samples 
are  su b jec ted  to  the  rep ea ted  passage of a loaded wheel a t  e l e ­
vated  tem p era tu res ,  w ith  the  d isp lacem ent measured a f t e r  a g iven  
number o f  passages  being termed " t r a f f i c a b i l i t y " .
In  a d d i t io n  to  the p receed ing , many of the  la rg e  O il  Companies
(91)have developed s im i la r  f a c i l i t i e s .  Fabb r e p o r t s  the  use
by B r i t i s h  Petroleum  (B .P .)  of a Wheel Tracking Machine o f  the
( 122)type developed by T.R .R.L. and V erbert r e f e r s  to  a Wheel-
Tracking study r e a l i s e d  by ESSO Belgium.
Most in fo rm atio n  in  t h i s  r e s p e c t  i s  r e l a t e d  to  the  A sphalt Com­
p a c t io n  and Tracking Machine (A .C .T .) developed by SHELL I n t e r n a t i o n a l
(43)Petroleum Company Limited and d esc r ib ed  by B rien . The A.C.T.
i s  based upon the  T .R .R.L. o r i g i n a l  bu t i s  designed to  compact 
as w e ll  as t e s t  specimens. For t h i s  purpose the loaded wheel 
i s  rep laced  by a s t e e l - r o l l e r  segment which can apply  a p re s su re  
e q u iv a le n t  to  an 8 tonne r o l l e r .  The t e s t i n g  procedure i s  sim­
i l a r  but c o n d i t io n s  are  somewhat more severe
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2( i )  c o n ta c t  p re s su re  800 kN/m 
( i i )  60 p asses  per minute 
( i i i )  t e s t  tem perature  60°C.
T es t in g  i s  con tinued  f o r  1000 passes  and the  r e s u l t  r e p o r te d  in  
terms of the  r u t  depth a f t e r  100 p a sse s .
D if fe re n c es  in  t e s t i n g  c o n d i t io n s  are  a lso  found in  o th e r  p roc-
, (37 )(6 4 )(1 1 8 )(1 1 9 ) , . . „ , .edures  due in  many in s ta n c e s  to  a d e s i r e  to
t a i l o r  th e se  to  s u i t  the  a re a  of a p p l i c a t io n .  A summary o f
the d i f f e r e n t  methods and t e s t  c o n d i t io n s  i s  given in  t a b le  10.
2 .2 .4 .3  A p p lic a t io n  and Usage:
In  the  U.K. the  Wheel-Tracking t e s t  i s  used to  measure the  r e s i s ­
tance to  deform ation  of dense wearing course  m ix tu re s ,  n o ta b ly  
H.R.A. I t  i s  conside red  u n su i ta b le  f o r  Macadams and Cold A spha lts  
whose p r o p e r t i e s  change s i g n i f i c a n t l y  as a r e s u l t  of t r a f f i c  and 
c l i m a t e d 123 ^
I t  i s  cons ide red  by m a n y ^ ^ ^ 3^ ^ 3^  to  be more ab le  to  p r e d i c t
aa m ix tu res  behaviour under t r a f f i c  than  o th e r  t e s t  methods and
f o r  t h i s  rea so n  g re a t  emphasis has been p laced  on i t s  u se .
As e a r ly  as 1958, ranges of Wheel-Tracking r a t e s  co rrespond ing
to the  s u c c e s s fu l  a p p l ic a t io n  of B.S. 594 H.R.A. m ix tu res  were 
(56)p re se n te d .  '  L a te r ,  on the  b a s i s  of e x ten s iv e  la b o ra to ry - ro a d
c o r r e l a t i o n s  the  fo llow ing  r e l a t i o n s h ip  was d e rived  '
d ^  14000 
N + 100
where d = re q u ire d  Wheel-Tracking r a t e  (mm/hr) a t  45°C
N = average number of commercial v e h ic le s  per lane p e r  day.
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This r e l a t i o n s h ip  i s  d e f in ed  f o r  roads where the type and range 
of s t r e s s  are r e l a t i v e l y  un iform ,such  as open s t r e tc h e s  of m otor­
way, and corresponds to  a l e v e l  of deform ation  on the  road e q u iv a le n t
(92)to  le s s  than  0.5 mm/year. Based on t h i s  c o r r e l a t i o n ,  te n -
(123)t a t i v e  l im i t s  were proposed by T .R .R .L .,  f o r  roads  c a r ry in g
d i f f e r e n t  le v e l s  o f  t r a f f i c ,  see t a b le  1 1 (a ) .  These p ro p o sa ls  
have subsequen tly  been updated to  inc lude  h ig h e r  t r a f f i c  v o lu m e s ^ 2^  
and th ese  recommendations are  p re sen ted  in  ta b le  11 (b) .
Table 11
Recommended Wheel-Tracking Rates
(a)  1971 - a f t e r  T .R .R .L .(123)
Commercial 






700 - 2000 30
over 2000 7
(b) 1979 - a f t e r  S z a tk o w s k i^ 2^
Commercial 










> 6000 < 2
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Most work in  the  U.K. has r e l a t e d  to  H.R.A., w ith  l im i te d  succ­
e s s f u l  e x te n s io n  to  a s p h a l t i c  co ncre te  and Dense
Bituminous Macadam basecourse  m ix tu r e s . On the  c o n t in e n t
however, a p p l i c a t io n  to  A sp h a lt ic  co n cre te  and Grave 1-Bitumen 
(14)i s  more common w ith  good c o r r e l a t i o n s  between Wheel t r a c k in g  
param eters  and r u t  depths observed under t r a f f i c  fo r  A sp h a lt ic
-  * T, 1 * ( 1 1 8 )  ^  T ( I 4 )Concrete m  Belgium and Japan .
In  a d d i t io n  to  e s t a b l i s h in g  prom ising la b o ra to ry - ro a d  c o r r e l a t i o n s ,
e x ten s iv e  back-up w o r k ^ ^ ^ ^ ^ ^  in  the  la b o ra to ry  has shown
t h i s  t e s t  method to  be capable  of d e te c t in g  changes in  m ix ture
performance due to  com p o si t io n a l v a r i a t i o n s .  For t h i s  reaso n
i t  i s  c e r t a i n  to  r e t a i n  i t s  p re-em inen t p o s i t io n ,  in  e s t a b l i s h i n g
and v e r i fy in g  proposed performance c r i t e r i a  and f o r  the  assessm ent





















ooCO , o44 o X oo 4-J o3 tH CU i-4CO 3- oS'- u 33 g 3 94
p2 3 g •H 333 4-J 4-J \ s 4-J<44 3 <44 3 co N . 144O 3  3 3 5-4 CO CM 3O 3 g' 60 X I *H 33 CU g X x i3 4-J 4-J 4-J 3 4-J 44•H a . 3 3 cu CU44 3  S <U CO 3 a) cou u 33 U 33 3 54 94 94 33 33 3o £1 O CO x X x COCU N 4-J 14-1 4-J CO N N 4-J 44 COg 3  3 3 3 g g g 3 3  3cd X  33 4 CU g g g 94 94 CU




CO 3 Xcu -u •CO 3 E-tco m  33  3  *h CM 3 o m oCU Cu S 1 3 m CM VO •X
o Pd
cu m •44 }4 ✓-s mO 3 cm •co co 6 i HiJ c o \ «
3  cu IZ o O O o o oO u  X CM O O • co r-- oU  3 ' - ' m m O ' X r~' m CO• 94oo • 1+4
CU VO E-*u3 -4 O44 0 o3 39-1 o 94 X 3
CU m O 344 CU-^N <44 3to 6 0<u < u o m o m o O O oE-t 9-< ■>—' <r CM vO
CO
vO vO
g 3 g g!
o j j jm vO vO in m
X X X •. n >4 X
m o o M• o o3 o CM 00 X o f-4 ocu CO T—4 pH • . C"> r—4 coe X 3•H K X! • X rj XO CU h COCU N m O o o 94 oCU-H o m o CO o 3 oCO CO co CO m 3 CO S CO
vO✓“N
CO /* s 3CM <«'N N CO O*—! 1—I pH •HCO CM pH O ' /••“s 94 CM >—•*
3 • t—1 i—1 vO *+-1 COo J 33 v_<■ s r—4 CO < 'w ' <r rH•H • 3 3 3 v_' V4 • O'4-J X 3 O •H 3 3 xi <1 X3 • rH 3 00 •H 3 4-J • X •a Pi 3 1-4 3 CU 3 CO w CUo • o 94 CU 3 O • X •►J X Cu m CO ►“) CO CO X
49
2.3 Specimen Manufacture and T es t in g  - Some Im portan t C o n s id e ra t io n s ;
2 .3 .1  Manufacture of Test Specimens
2 .3 .1 .1  In t ro d u c t io n
The o b je c t iv e  when t e s t i n g  bitum inous m ix tu res  i s  to  a s c e r t a i n  
what, p h y s ic a l  p r o p e r t i e s  w i l l  r e s u l t  in  a pavement la y e r  c o n s t -
the p h y s ic a l  c h a r a c t e r i s t i c s  of the  compacted t e s t  specimen be 
as n e a r ly  as p o s s ib le  i d e n t i c a l  to  those of the  m ixture  in  the
means r e s u l t s  ob ta in ed  may no t be v a l id  fo r  the  f u l l - s c a l e  con­
s t r u c t i o n  s i t u a t i o n .
The a b i l i t y  of these  methods to  s im ula te  i n - s i t u  c h a r a c t e r i s t i c s  
w i l l  now be d iscu ssed  along w ith  o th e r  f a c to r s  which can have 
an e f f e c t  upon the r e s u l t s  o b ta in ed .
2 .3 .1 .2  D ensity , P a r t i c l e  O r ie n ta t io n  and D eg rad a tio n :
In  the p a s t  i t  has been g e n e ra l ly  cons ide red  t h a t  a m ix tu r e 's  
r e s i s t a n c e  to  ap p lied  load i s  r  a fu n c t io n  of d e n s i ty  and
fo r  t h i s  reason  methods o f  compaction were o r i g i n a l l y  developed 
to  produce specimens w ith  d e n s i t i e s  comparable w ith  those  achieved
ru c ted  of such a m ix tu re .  I t  i s ,  t h e r e f o r e ,  e s s e n t i a l  t h a t
compacted pavement l a y e r . (128) (129) F a i lu re  to  achieve  t h i s
Over the  y ea rs  many la b o ra to ry  compaction methods (129)(130) haye
been developed and may be c l a s s i f i e d  as fo l lo w s :
S t a t i c < 32><130)
Impact
V ib ra to ry ^76^
R o lling
Gyratory (131)(132) and Kneading.(133)(134)
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during  c o n s t r u c t io n .  However, i t  soon became apparen t th a t  
the  d e n s i ty  of in - s e r v ic e  pavements in c reased  under 
t r a f f i c ^ * ^  129)( 135) a t t e n t i o n  was tu rned  to ach iev in g  den­
s i t i e s  equa l to  those u l t im a te ly  achieved in  s e r v ic e .
The M arshall drop-hammer method of compaction developed by the  
U.S. Corps o f  E n g in e e rs ^ " ^  was ty p i c a l  in  t h i s  r e s p e c t .  The 
p rocedure , r e q u i r in g  the  a p p l i c a t io n  of 50 blows to  each face  
o f  the  specimen using  a 4.535 kg (10 lb )  mass hammer f a l l i n g  f r e e l y  
a d is ta n c e  of 457 mm (18 in )  onto a 98.5 mm d ia  (3 \  in )  compaction 
fo o t  has s ince  been ev a lu a ted  by s e v e ra l  a u t h o r s . (1-36)(137)(138)(139) 
Conclusions re g a rd in g  i t s  a b i l i t y  to  p r e d ic t  the  u l t im a te  d e n s i ty  
a t t a in e d  by in - s e r v ic e  A spha ltic  Concrete pavements d i f f e r  c o n s id ­
e ra b ly .  In  some a p p l ic a t io n s  t h i s  method has been found adequate 
in  t h i s  r e s p e c t ^ " ^ w h i l s t  in  o th e rs  i t  has been shown no t 
to  be capable  o f  ach iev ing  the  h igh  u l t im a te  d e n s i t i e s  produced 
under h e a v y - a i r c r a f t  l o a d i n g ^ ' ^ ^ ' ^  and a lso  t h a t  i t  i s  too 
severe  fo r  the  r e l a t i v e l y  low u l t im a te  d e n s i t i e s  produced under 
l i g h t  v e h ic u la r  t r a f f i c . ^ " ^  I t ,  th e r e f o r e ,  appears  t h a t  u l t i ­
mate d e n s i ty  and time under t r a f f i c  to  achieve t h i s  i s  r e l a t e d  
to  t r a f f i c  loading  and i n t e n s i t y ,  and hence the  use o f  a c o n s ta n t  
number of blows i s  no t  a p p l ic a b le  f o r  a l l  a p p l i c a t io n s .  For 
t h i s  reaso n , 3 l e v e l s  of compaction are  s p e c i f ie d  by the  A sphalt 
I n s t i t u t e , d e p e n d i n g  on t r a f f i c .
For H.R.A., in d ic a t io n s  are  th a t  t h i s  m a te r ia l  can be more e a s i l y
(125)compacted to  h igh  d e n s i ty  than  A sp h a lt ic  co n cre te  and con­
sequen tly  l i t t l e  change in  d e n s i ty  from t h a t  achieved by good 
c o n s t r u c t io n  r o l l i n g  w i l l  be expected under t r a f f i c .  This i s  
confirmed by d a ta  from F u ll -S c a le  Road T r i a l s 140)
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a lthough  they  f a i l  to  in d ic a te  c o n c lu s iv e ly  what le v e l  of M arsha ll ' 
compaction s im u la tes  the  u l t im a te  d e n s i ty  in  any g iven  s i t u a t i o n .  
However, the  l im i te d  d a ta  a v a i la b le  sugges ts  in  some in s ta n c e s  
50 blows per f a c e ^ ^  i s  adequate w hile  o th e r s  in d ic a te  75 blows 
p e r  f a c e ^ “^  i s  re q u i re d .
I t  should be r e a l i s e d  a t  t h i s  s tage  t h a t  d e n s i ty  i s  only  one f a c t o r  
to  be co n s id e red ,  the  e f f e c t  of p a r t i c l e  o r i e n t a t i o n ,  aggregate  
breakage and non-uniform specimen d e n s i ty  should a lso  be reco g n ised
A measure of p a r t i c l e  o r i e n t a t i o n  in  terms of a ’’s t r u c tu r e  index” 
has been proposed by P u z in a u s k a s ^ ^ ^  bu t i s  c r i t i c i s e d  due to  
i t s  f a i l u r e  to  d i f f e r e n t i a t e  between packing s t r u c tu r e  and p a r t i c l e  
o r i e n t a t i o n ,  and can on ly , th e r e f o r e ,  be conside red  to  give a 
measure of degree of a n i s o t r o p y . However,  i t  has been 
shown, using  s t a t i s t i c a l  techn iques  t h a t  in  samples of H.R.A. 
cu t  from a c tu a l  c o n s t r u c t io n ,  aggregate  p a r t i c l e s  are  p r e f e r e n ­
t i a l l y  o r i e n ta t e d  w ith  t h e i r  e lo n g a t io n  d i r e c t io n  alm ost h o r i z o n ta l ,  
and th a t  such a p re fe r r e d  o r i e n t a t i o n  can be im i ta te d  us ing  a 
l a b o r a t o r y - r o l l e r  compactor.
During compaction a c e r t a i n  amount of aggregate  breakdown occurs  
(d eg ra d a t io n )  and t h i s  may be q u a n t i f i e d  in  terms o f the  change 
in  aggregate  g r a d i n g ^ " ^  or as a pe rcen tage  in c re a se  in  s u r f a c e - 
a rea  o f  the  degraded a g g re g a te .
The a b i l i t y  of common methods of compaction to  produce specimens 
w ith  c h a r a c t e r i s t i c s ,  ak in  to  those found in  a c o n s t ru c te d  la y e r ,  
i s  o u t l in e d  below:




in  d e n s i ty  lead  to  ex cess iv e  d e g r a d a t i o n ^ " ^  but very  l i t t l e  
r e - o r i e n t a t i o n  of aggregate  p a r t i c l e s  . ^
Impact : h igh  s t r e s s  i n t e n s i t i e s  produce co n sid e ra b le
( 7 6 ^deg rad a tio n  and lead  to  a f a i r  degree of p a r t i c l e  o r i e n ­
t a t i o n ,  a l though  th e re  i s  a tendancy f o r  la rg e  p a r t i c l e s  to  
a l ig n  along the  s id e s  of the  mould.
R o lling  : cons ide red  by m a n y ^ ^ ^ ^ ^  to  produce the  same
degree of p a r t i c l e  o r i e n t a t i o n  and d eg rad a tio n  found in  a c tu a l  
c o n s t r u c t io n .
Gyratory and Kneading : the sh ea r in g  a c t io n  developed w i th in
the specimen allow s p a r t i c l e s  to  o r i e n t a t e  to  the  same e x te n t  
as found in  p r a c t i s e (^30)(132) ^  same time produces
the  e q u iv a le n t  d eg rad a tio n  and h igh  d e n s i t i e s  a t t a in e d  under 
very  heavy t r a f f i c . ^ " ^
For a l l  methods of la b o ra to ry  compaction th e re  i s  a tendancy to  
produce specimens w ith  a non-uniform d i s t r i b u t i o n  o f  d e n s i ty ,  
f o r  2 rea so n s :
( i )  d e n s i f i c a t i o n  o f m a te r i a l  ad jac e n t  to  the  mould i s  
h indered  and i t  does n o t ,  t h e r e f o r e ,  a t t a i n  a d e n s i ty  as 
h igh  as the  m a te r ia l  a t  the  c e n t r e . ( ^ ^ ) ( ^ 4 )
( i i )  h igh  c o n ta c t  s t r e s s e s  tend  to  produce h ig h e r  d e n s i t i e s  
a t  the  top and bottom of specim ens. (^38)(144)
(144)D ensity  d i s t r i b u t i o n s  are  apparen t even in  a c tu a l  c o n s t r u c t io n ,
a lthough  the  d i s t r i b u t i o n s  in  moulded specimens d i f f e r  g r e a t l y
from t h i s  s i t u a t i o n  i t  can be s im ula ted  using  a l a b o r a t o r y - r o l l e r  
(144)compactor.
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R egard less  of the  compaction method used, vary ing  degrees of p a r t i c l e  
o r i e n t a t i o n ,  d eg rad a tio n  and non-uniform  d i s t r i b u t i o n  of d e n s i ty  
occu r .  Due to  t h i s  the specimens produced w i l l  have vary ing  
degrees o f a n iso t ro p y ,  w ith  p r o p e r t i e s  vary ing  depending upon 
the d i r e c t i o n  o f  t e s t i n g ,  (29 )(101 )(141)(144)  an(j t j1£s should .not
be igno red .
2 .3 .1 .3  Size and Shape o f Specimens:
In  the p a s t ,  c y l i n d r i c a l  specimens have been p re f e r r e d ,  an impor­
t a n t  c o n s id e ra t io n  being t h a t  such samples are  e a s i e r  to  compact 
than  p r is m a t ic  specim ens. The requ irem ents  re g a rd in g  specimen
s iz e  can be de fined  a s :
( i )  la rg e  enough to  be r e p r e s e n ta t iv e
( i i )  t a i l o r e d  to  s u i t  the maximum aggregate  s ize
( i i i )  p ro p o r t io n ed  to  a llow  adequate and easy  compaction.
Having sa id  t h i s  however, s ize  w i l l  a lso  e f f e c t  the  v a lu es  of
s t r e n g th  measured by v a r io u s  methods. The e f f e c t  o f  h e ig h t
(29)to  d iam eter  r a t i o  on measured Compressive S tren g th s  and the
(37)r e s u l t s  of U n iax ia l  Creep t e s t s  i s  e x te n s iv e ly  r e p o r te d .
The s e n s i t i v i t y  of M arshall S t a b i l i t y  to  specimen h e ig h t  i s  a lso  
w idely  k n o w n ^ '^ ^ '^ '^  w ith  c o r r e c t io n  f a c t o r s ,  o r i g i n a l l y
developed by the  U.S. Corps of Engineers being a p p lied  to  s p e c i ­
mens of non-s tandard  h e ig h t .  The v a l i d i t y  o f  th ese  o r i g i n a l  
f a c to r s  has been proven by more re c e n t  w ork^^ 1^  which a lso  
in d ic a te d  the  n e c e s s i ty  to  apply c o r r e c t io n s  to  Flow va lu es  
f o r  specimens of low h e ig h t ,  a lthough  t h i s  was not re q u ire d  f o r  
h e ig h ts  c lo se  to  the s tan d a rd .
As f a r  as the I n d i r e c t - T e n s i le  t e s t  i s  concerned, t h e o r e t i c a l l y ,
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measured s t r e n g th  should be independent of specimen s iz e  a lthough  
r e s u l t s  f o r  c o n c r e t e ^ ^ ^  and o th e r  m a t e r i a l s ( 1 ^ ) ( 1 4 7 )  £n(j£c a te  
t h a t  as specimen s ize  in c r e a s e s ,  the  measured s t r e n g th  i s  reduced 
and a lso  became le s s  v a r i a b l e .  This can be e x p la in ed  by "weak 
l in k "  t h e o r y w h i c h  s t a t e s  t h a t  as s iz e  in c re a s e s  the  probab­
i l i t y  o f  a specimen c o n ta in in g  p o in ts  or p lanes  of weakness in c re a s e s  
and, th e r e f o r e ,  la rg e  specimens w i l l  i n  a l l  p r o b a b i l i t y  f a i l  a t  
a lower s t r e s s .  In  g e n e ra l  the  observed decrease  in  s t r e n g th  
w ith  in c re a s in g  volume fo llow s Wiebul Theory. (^07)(148)
The s iz e  and shape o f specimens used in  the  p a s t  has gen era ted  
major c r i t i c i s m s  in  t h a t  the  specimen s i z e ,  p a r t i c u l a r l y  the  t h i c k ­
n e ss ,  i s  much g r e a te r  th an  t h a t  of a c tu a l  pavement l a y e r s ,  and 
t h a t  t h i s  leads  to  problems a s s o c ia te d  w ith  r e l a t i n g  r e s u l t s  from 
such specimens to  the  p r a c t i c a l  s i t u a t i o n .  To overcome t h i s ,  
a t t e n t i o n  has r e c e n t ly  tu rn ed  to  the  f a b r i c a t i o n  of r e c ta n g u la r  
s la b s  w ith  th ic k n e sse s  e q u iv a le n t  to  t h a t  of pavement l a y e r s .
(149)In  t h i s  re s p e c t  Swanson e t  a l  suggest a s lab  w ith  an a re a
o f  300 x 300 mm to  be the  sm a l le s t  a rea  which s t i l l  s im u la te s  
a continuous pavement la y e r .
2 .3 .1 .4  Type and Amount o f  Compaction:
I t  i s  d e s i r a b le  t h a t  t e s t  specimens y ie ld  s t r e n g th  v a lu es  e q u iv ­
a le n t  to  those of pavement c o re s ,  i . e .  the  i n - s i t u  s t r e n g th .
R esu lts  in d ic a te  t h a t  M arshall S t a b i l i t y  va lu es  f o r  specimens 
compacted by the drop-hammer method d i f f e r  g r e a t l y  from those
/ i3g )ob ta ined  fo r  pavement co res  of e q u iv a le n t  d e n s i ty .  How­
e v e r ,  S t a b i l i t i e s  e q u iv a le n t  to  those o f  pavement cores  a re  o b ta in ed  
f o r  specimens compacted to  the same d e n s i ty  using  a Kneading
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/ 1 3 8 )compactor or cored from s la b s  produced by a la b o ra to ry  r o l l e r
(149)compactor. The h igh  s t a b i l i t y  va lues  of impact (M arsha ll)
specimens' r e s u l t s  from the  s t r u c tu r e  developed in  the  specimen
during  moulding, w ith  the same being t ru e  f o r  S t a t i c a l l y  moulded 
(144)specimens.
Leaving a s id e  f i e l d  behav iou r ,  i t  i s  apparen t t h a t  d i f f e r e n t  methods
of compaction g r e a t ly  in f lu en c e  the  r e s u l t s  ob ta ined  us ing  many
* 4 .  . n j (3 5 )(8 0 )(1 2 8 )(1 5 0 )(1 5 1 )  v ‘ , J „t e s t  methods. '  xt has been concluded
c c r n  b e ,
t h a t  the  in f lu en c e  o f  compaction g r e a t e r  than  t h a t  o f  aggregate
(128)g rad in g , b in d e r  c o n te n t ,  e t c .  and t h a t  f o r  Em pirical t e s t s
in  p a r t i c u l a r ,  c lo s e r  agreement between t e s t s  i s  found i f  a s in g le
/  nog }method o f compaction i s  u sed . I t  should a lso  be noted
t h a t  f o r  the  M arshall  drop hammer method, i t  i s  r e p o r te d  t h a t  
40 blows o f an autom atic  compactor i s  e q u iv a le n t  to  50 blows us ing  
th e  manual pr oc e dur e . Fur t her ,  sm all v a r i a t i o n s  in  the  
equipment used, in  p a r t i c u l a r  the compaction p e d e s ta l  can in f lu e n c e  
r e s u l t s  to  a la rg e  e x t e n t .
The r e s u l t i n g  d e n s i ty  produced in  a specimen w i l l  depend upon 
the  compactive e f f o r t  (amount o f  compaction) a p p lied  and t h i s  
i s  u s u a l ly  c o n t r o l le d  such th a t  a d e n s i ty  e q u iv a le n t  to  t h a t  ach­
ieved in  p r a c t i s e  i s  o b ta in ed .
In  g en e ra l  as compactive e f f o r t  i s  in c re a se d ,  be i t  number of 
blows, number o f  p a sse s ,  o r  fo rce  ap p l ie d  the  d e n s i ty  achieved  
w i l l  in c re a s e ,  r a p id ly  a t  f i r s t  then  tend to  le v e l  o f f .  This 
has been shown to  be the  case fo r  M arshall  c o m p a c t io n ^ " ^  
and L aboratory  r o l l e r  c o m p a c t i o n ^ a n d  in  both  c a se s  t h i s
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in c re a se  in  d e n s i ty  has been accompanied by an in c re a se  in
S ta b i l i t y ^  152X 154) (155) and r e s i s t a n c e  to  d e f o r m a t i o n / 125^ 154^
r e s p e c t iv e ly .  I t  i s  im portan t to  note  t h a t  a f a l l  of 1% in
degree of compaction produces a re d u c t io n  in  s t a b i l i t y  of 15 - 
(79)207o. The r e l a t i o n s h ip  between number o f  blows and d e n s i ty
under M arshall drop-hammer compaction has been used by s e v e ra l  
a u th o rs^ 15^ ^ 152^ 15^^ to  q u a n t i fy  the  ease  w ith  which a m ixture  
can be compacted.
C onsidering  now the e f f e c t  on m ixture  p r o p e r t i e s  over a range 
of b in d e r  c o n ten ts  when compactive e f f o r t  i s  a l t e r e d .  For both  
A sp h a lt ic  Concrete and H.R.A. the  fo llow ing  changes (more marked 
f o r  A sp h a lt ic  C oncrete) occur as compactive e f f o r t  i s  i n c r e a s e d / 125  ^
( i )  v a lu es  of maximum d e n s i ty  and maximum s t a b i l i t y  in c re a se  
( i i )  b in d e r  c o n ten ts  to  produce maxima decrease
( i i i )  optimum b in d e r  c o n ten t  decrease  
( iv )  Flow i s  r e l a t i v e l y  u n a f fe c te d .
S im ila r  r e d u c t io n s  in  optimum b in d e r  co n ten t  w ith  in c re a s in g  com­
p a c t iv e  e f f o r t  i s  re p o r te d  f o r  m ix tu res  compacted by la b o ra to ry  
r o l l e r  c o m p a c t io n /15^
2 .3 .1 .5  Mixing and Compaction T em pera tures ;
Temperature has a marked e f f e c t  upon the  v i s c o s i t y  o f  bitum inous 
b in d e rs ^ 1^ 1^®  ^ and c o n t ro l  of tem pera tu res  i s ,  t h e r e f o r e ,  o f 
g re a t  im portance. During mixing s u f f i c i e n t  " f l u i d i t y "  i s  r e q ­
u ire d  to  ensure  adequate c o a tin g  of a g g reg a te .  The e f f e c t iv e n e s s  
of c o a t i n g / ^ 1^ 1^2  ^ b in d e r  f i lm  th ic k n e ss  Z 1^5  ^ e t c .  w i l l  have 
an e f f e c t  upon the p h y s ic a l  p r o p e r t ie s  of the  specimen produced. 
A vailab le  l i t e r a t u r e (164)(165) in d ic a te s  f o r  m ix tu res  compacted
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by the M arshall method, as mixing tem perature  in c re a s e s ,  d e n s i ty  
in c re a s e s  to a peak and then  f a l l s  w hile  S t a b i l i t y  over the  same 
range co n tin u es  to  in c re a s e ,  a t  h ig h e r  tem pera tu res  the  in c re a se  
in  S t a b i l i t y  i s  a t t r i b u t e d  to  hardening  of the  b in de r  .
During compaction, the  b in d e r  a c t s  as a lu b r i c a n t  to  a id  d e n s i f i -  
c a t i o n  of the  aggregate  s t r u c tu r e  and v a r io u s  a u th o r s (^6 )(7 9 )(1 6 4 )  
(165)(166) jlave r e p0 r te d  the  e f f e c t  o f  compaction tem pera tu re  
on the  r e s u l t i n g  p h y s ic a l  p r o p e r t i e s .  In  g e n e ra l ,  as compaction 
tem perature  in c re a s e s  so does d e n s i ty ,  w ith  in d ic a t io n s  t h a t  a t
some p o in t  i t  beg ins  to  d e c r e a s e . Accompanying t h i s  i s
 ^ ^  (149)(164)(166) .a r i s e  m  measured s t r e n g th  7 again  w ith  a tendancy
to  decrease  a t  some p o i n t .(164)(166) e f f e c t  o f  compaction
tem peratu re  on s t r e n g th  i s  r e l a t e d  c lo s e ly  to  method of compaction
used, the e f f e c t  being g r e a t e s t  fo r  impact methods d e c rea s in g
by h a l f  f o r  kneading compaction and being n e g l ig ib le  fo r  r o l l e r  
(149)compaction.
As f a r  as Mix Design i s  concerned, h igh  compaction tem p era tu res  
r e s u l t  in  the  d e te rm in a tio n  o f lower M arshall optimum b in d e r  con­
t e n t s ,  presumab]_y the  h ig h e r  d e n s i t i e s  achieved  a t  h ig h
compaction tem pera tu res  e f f e c t  r e s u l t s  in  the  same way as in c re a se d  
compactive e f f o r t .
The p receed ing  h ig h l ig h t s  a need f o r  s t r i c t  c o n t ro l  over mixing 
and compaction tem p e ra tu res .  A method favoured f o r  t h i s  i s  
the  s p e c i f i c a t i o n  of e q u i-v is co u s  mixing and compaction tem pera­
tu r e s ,  as i s  done by the A sphalt I n s t i t u t e b u t  as y e t ,  however, 
B.S. 594 c o n ta in s  only a range of tem peratu res  fo r  th e se  o p e ra t io n s  
dependent s o le ly  upon the grade of b in d e r  used. C e r ta in
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sug g es tio n s  reg a rd in g  t h i s  however have been m a d e ^ ^ ~ ^ ^ ^  and 
th ese  are  inc luded  along w ith  c u r r e n t  s p e c i f ie d  va lues  from e l s e  
where, in  ta b le  12.
Table 12
Requirements f o r  Mixing and Compaction Temperatures
Source
Mixing temp­
e r a tu r e  to  
produce a 
v i s c o s i ty
Compaction temp­
e r a tu r e  to  produce 
a v i s c o s i t y
A sphalt I n s t i t u t e 85 ^  10 secs 
Saybolt - Furo l
140 ^  15 secs 
Saybolt -  Furo l
N etherlands 2170 mm / s  (cS t) 2280 mm / s  (c S t)
Jacobs^125^ 2 p o ises 4 - 5  p o ise s
B rien (168) 4 p o ise s 10°C below mixing 
tem perature
2 .3 .2  Method of T es t in g  Specimens:
2 .3 .2 .1  In t ro d u c t io n
A g en e ra l  summary o f a v a i la b le  t e s t  methods has a lre a d y  been g iven , 
in  the  fo llow ing  s e c t io n s  some im portan t p o in ts  re g a rd in g  the  
e x ecu tio n  of these  p rocedures  are  r a i s e d .
2 .3 .2 .2  Mode of Load A p p lica t io n
For Em pirical methods t h i s  i s  o f  l i t t l e  importance as by d e f i n i t i o n  
any con c lu s io n s  drawn from the r e s u l t s  should be based upon e x te n ­
s ive  la b o ra to ry  -  f i e l d  c o r r e l a t i o n s .
However, f o r  Fundamental methods t h i s  i s  o f  g re a t  importance as 
a p re c is e  knowledge of the  s t r e s s e s  a c t in g  during  the  t e s t  i s  
r e q u ire d .  The I n d i r e c t - T e n s i le  t e s t  i s  worthy of c o n s id e r a t io n
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in  t h i s  r e sp e c t  as the  s i t u a t i o n  i s  somewhat complex. The d e v ia ­
t io n s  from the assumed c o n d i t io n s  and t h e i r  e f f e c t  have a l re ad y  
been d iscu ssed ,  but q u es t io n s  s t i l l  a r i s e  as to  the e f f e c t  of 
the  com position and w idth  of the  load ing  s t r i p s  upon the  s t r e s s  
d i s t r i b u t i o n ,  measured s t r e n g th  and mode of f a i l u r e .  These e f f e c t s  
have been in v e s t ig a te d  in  d e t a i l  f o r  v a r io u s  m a te r ia l s  and i t  
i s  g e n e ra l ly  cons ide red  t h a t  d i s t r i b u t i n g  the  load has l i t t l e  
e f f e c t  on the  s t r e s s  d i s t r i b u t i o n  a t  the  c e n tre  of the  
spec im en .(169)(170)(171) b a t t l e  m a te r ia l s  ( c o n c re te ,  e t c . )
r e s u l t s  reg a rd in g  the  com position  of the  load ing  s t r i p s  a re  incon­
c lu s iv e ,  in  some case s  s o f t  m a te r ia l s  a re  rep o r te d  to  produce
(171)h ig h e r  s t r e n g th s  and more d i s p e r s io n  w hile  in  o th e r s  the
(99)o p p o s ite  i s  found. Regarding the  w idth  of the  load ing  s t r i p
i t  was found th a t  as t h i s  i s  in c re a se d ,  f a i l u r e  i s  induced c lo s e r  
to  the  c e n tre  of the  s p e c i m e n ^ ^ ^ ^ ^  prompting the  c o n c lu s io n  
t h a t  the  t e s t  g ives  a v a l id  measure of t e n s i l e  s t r e n g th  p rov ided  
f a i l u r e  i s  i n i t i a t e d  a t  o r  c lo se  to  the  c e n t r e  of the  specimen.
Work w ith  A sp h a lt ic  C o n c r e t e ^ ^ ^ ^ ^  in d ic a te d  t h a t  the  compo­
s i t i o n  and w idth  o f  the  load ing  s t r i p s  had l i t t l e  e f f e c t  on 
measured s t r e n g th  va lu es  a lthough  in c re a s in g  the  w idth  d id  reduce 
s c a t t e r .
As f o r  s im u la t iv e  methods, the  mode o f load ing  should be such 
as to  s im ula te  in - s e r v ic e  c o n d i t io n s .  The dimensions o f  the  
wheel and the  ap p lied  load w i l l  have an e f f e c t  upon the  c o n ta c t  
a rea  and c o n ta c t  s t r e s s  in  the  W heel-Tracking t e s t  and should , 
th e r e f o r e ,  be c o n t ro l le d  to  s u i t  req u irem en ts .
2 .3 .2 .3  Loading Rate and Test Temperature
The m echanical p ro p e r t ie s  of bitum inous m ix tu res  are  g r e a t l y
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a f f e c t e d  by t e m p e ra tu re  and r a t e  of  lo a d in g  as a d i r e c t  r e s u l t  
of  the  v i s c o - e l a s t i c  n a t u r e  of  the  b i tum inous  b i n d e r .
Numerous a u t h o r s  have r e p o r t e d  th e  e f f e c t  o f  t h e se  on the  r e s u l t s
o f  s e v e r a l  t e s t s  i n c l u d i n g  the  Unconf ined com press ion  t e s t ^ 7^ ^ 77 ^
the  M arsh a l l  t e s t ,  ( i 52 ) ( 167K 178) the  i n d i r e c t - t e n s i l e  t e s t ^ 97 ^ 104^
(9  2 ) ( 1 2 0 )and Whee l-Tracking t e s t .  In  g e n e r a l ,  as  t e s t  te m pera ­
t u r e  i n c r e a s e s  the  v a l u e s  of  measured s t r e n g t h  d e c re a se  and in  
p a r t i c u l a r  a 15°C i n c r e a s e  i n  t e m p e ra tu r e  p roduces  a t e n - f o l d  
i n c r e a s e  i n  the  obse rved  r a t e  o f  d e fo rm a t io n  i n  the  W hee l-Tracking  
t e s t . (92)
I n c r e a s i n g  the  r a t e  a t  which load i s  a p p l i e d  has
the  e f f e c t  of  i n c r e a s i n g  the  v a l u e s  of  measured s t r e n g t h ^ 97 ^ ^ 7 9 ^
a l th o u g h  t h i s  e f f e c t  i s  n o t  as  g r e a t  as  the  e f f e c t  o f  t e m p e ra tu r e  
and i s  reduced  by p r o v id i n g  the  specimen w i th  some degree  o f  l a t e r a l  
s u p p o r t . ^ 79  ^ In  the  Wheel-Tracking  t e s t  the  t ime o f  l o a d in g  
and time between a p p l i c a t i o n s  i s  a f u n c t i o n  of  the  speed o f  the  
w hee l .  For H .R . A . ' s  as  th e  t ime o f  lo a d in g  i n c r e a s e s ,  the  
measured r e s i s t a n c e  to  d e fo rm a t io n  d e c re a s e s ^  which i m p l i e s  
t h a t  m i x tu r e s  t r a c k e d  a t  h ig h  speeds  w i l l  appea r  more r e s i s t a n t  
to  d e fo rm a t io n  th a n  th o se  t r a c k i n g  a t  low s peeds .
In  the  p a s t  i t  has  been common p r a c t i s e  to  c a r r y  ou t  m e c h a n ic a l  
t e s t  on Bi tuminous m i x tu r e s  u s in g  a p p a r a t u s  which  a p p l i e s  load  
a t  a c o n s t a n t  r a t e  o f  s t r a i n ,  w h i l s t  the  specimen i s  m a in t a i n e d  
a t  a c o n s t a n t  t e m p e r a t u r e .
In  the U.S.A. 60°G (140°F) has  n o rm a l ly  been adopted  as i t  i s
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conside red  to  r e p re se n t  the  most severe in - s e r v ic e  c o n d i t io n  l i k e ly
to  be encoun te red . In  the  U.K., in d ic a t io n s  are t h a t  45°C i s
more r e p r e s e n ta t iv e  of t h i s  c o n d i t i o n ^ a n d  t h i s  h as ,
(123)th e r e f o r e ,  been adopted f o r  Wheel-Tracking t e s t s ,  a lthough
B.S. 5 9 4 ^ ^  co n tin u es  to  sp e c ify  60°C f o r  the  M arshall t e s t .
A somewhat d i f f e r e n t  s i t u a t i o n  a r i s e s  concern ing  the  I n d i r e c t -
T en s ile  t e s t  which i s  norm ally  ap p lied  to  b r i t t l e ,  e l a s t i c  m a te r i a l s .
I t  i s  c l e a r  t h a t  a t  h igh  tem peratu res  and low r a t e s  o f  load ing
the  behav iour o f  Bituminous m a te r ia l s  w i l l  d e v ia te  c o n s id e ra b ly
from t h i s . ^ ^ ^  R esu l ts  in d ic a te  however t h a t  over a wide range
of tem pera tu res  and loading  r a t e s  samples o f A sp h a lt ic  Concrete
( 97 )f a i l e d  due to  t e n s i l e  s t r e s s e s  in  an accep tab le  manner and 
th e re  i s ,  t h e r e f o r e ,  no reason  why i t  should no t be ap p l ie d  to  
such m a te r i a l s .
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3. OUTLINE OF EXPERIMENTAL PROGRAMME
3.1  In t ro d u c t io n
In  Chapter 1 a t t e n t i o n  was drawn to  problems r e l a t e d  to  the  r e s ­
i s ta n c e  to  deform ation  of H.R.A. s u r fa c in g s  and to  c e r t a i n  in ad ­
eq u ac ie s  o f  the  " re c ip e "  method o f s p e c i f i c a t i o n  f o r  such m ix tu re s ,  
in  p a r t i c u l a r  an i n a b i l i t y  to  c a t e r  f o r  the  d i f f e r in g  b in d e r  
requ irem en ts  o f  d i f f e r e n t  f in e  aggregate  sands. Moreover, 
w ith  the  in t ro d u c t io n  of the  M arshall Test in to  B.S. 594 (1973), 
to  perm it the  d e te rm in a t io n  of an "optimum b in d e r  c o n te n t"  f o r  
the  a c tu a l  m a te r ia l s  (sand , f i l l e r ,  b in d e r)  to  be used , i t  was 
hoped t h a t  the  r e s u l t i n g  m ix tu res  would have improved Engineering  
p r o p e r t i e s  and in  p a r t i c u l a r  an in c re a se d  r e s i s t a n c e  to  d e fo r ­
m ation under heavy t r a f f i c . -
The M arshall T est i s ,  o f c o u rse ,  only  one o f  many m echanical 
t e s t  p ro ced u res ,  which could  be a p p l ie d  to  t h i s  same end.
The m o tiv a t io n  f o r  and o v e r a l l  aim o f the  p re se n t  i n v e s t ig a t i o n  
was, th e r e f o r e ,  to  determ ine the  a b i l i t y  o f  th re e  m echanical 
t e s t  p rocedures  to :
(a )  a s s i s t  in  the  s e l e c t io n  o f  s u i t a b le  m ixture  p ro p o r t io n s ,  
and in  p a r t i c u l a r  the  b in d e r  co n ten t  re q u ire d  to  o b ta in  the  b e s t  
compromise between d u r a b i l i t y  and maximum r e s i s t a n c e  to  d e fo r ­
m ation , f o r  a g iven  s e t  of c o n s t i tu e n t  m a te r ia l s
(b ) p re d ic t /d e te rm in e  the  p r o p e r t i e s  of m ix tu res  having good 
r e s i s t a n c e  to  defo rm ation , bu t in  p a r t i c u l a r  to  e s t a b l i s h  a r e l ­
a t io n s h ip  between M arshall param eters  and r e s i s t a n c e  to  de fo rm a tio n , 
f o r  a range of H.R.A. wearing course  m ix tu re s .
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3.2  Mechanical Test P rocedures Employed
Three m echanical t e s t  .p rocedures , namely, the  M arshall t e s t ,  
I n d i r e c t  T en s i le  t e s t  and Wheel-Tracking t e s t  are  conside red  
in  t h i s  i n v e s t ig a t i o n ,  each f o r  the  fo llow ing  re a so n s :
(a )  M arshall t e s t :  t h i s  in c lu s io n  was of g r e a t e s t  importance 
in  view o f  i t s  r e c e n t  in c lu s io n  in  B.S. 594 and a lso  because 
th e re  i s  l i t t l e  re p o r te d  in fo rm atio n  reg a rd in g  i t s  a p p l i c a t io n  
to  H.R.A. m ix tu re s .
(b) I n d i r e c t - t e n s i l e  t e s t :  i n v e s t ig a t i o n  of t h i s  t e s t  method
was suggested by the  C o lla b o ra t in g  E s tab lishm en t,  ESSO Petroleum  
Company L im ited, in  the  l i g h t  o f  prom ising work on the  c o n t in e n t  
o f  Europe.
(c )  W heel-track ing  t e s t :  t h i s  t e s t  method was inc luded  due
to  the d e s i r e  to  c o n s id e r  a t e s t  method which s im ula ted  the  p ra c ­
t i c a l  load ing  c o n d i t io n ,  the  r e s u l t s  of which could be used as 
a " y a r d s t i c k "  to  judge a m ix ture*s  a b i l i t y  to  r e s i s t  defo rm ation  
under t r a f f i c .
3 .3  H.R.A. M ixtures Considered •
A s e r i e s  of H.R.A. wearing course  m ix tu res  covering  the  range 
of Stone Contents p e rm itted  by B.S. 5 9 4 ^ ^  were in v e s t ig a te d .
For each Stone C ontent, m ix tu res  were t e s t e d  over a narrow range 
o f b in d e r  c o n te n t ,  n o t ,  however, too narrow as to  p rec lude  the  
d e te rm in a tio n  o f an "optimum b in d e r  c o n te n t"  f o r  the  p a r t i c u l a r  
Stone Content under c o n s id e ra t io n .  The Stone Contents  and 
range of b in d e r  c o n ten ts  co n s id e red , are  summarised in  t a b le  
13.
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M arshall and I n d i r e c t - t e n s i l e  t e s t s  were c a r r i e d  out over the  
whole range of Stone C on ten ts ,  w hile  Wheel-Tracking t e s t s  were 
l im i te d  to  m ix tu res  c o n ta in in g  307o s tone  and above. This was 
p r im a r i ly  done in  o rd e r  to  reduce the  time involved in  m anufacture 
and t e s t i n g  o f  specimens, but a lso  because i t  was conside red  
t h a t  in  p r a c t i s e  only  such m ix tu res  would be considered  f o r  use 
under heavy t r a f f i c .
In  the  manner o u t l in e d  above i t  was hoped to  determ ine how the  
m ixture  p r o p e r t i e s  r e s u l t i n g  from a g iven  com bination o f  c o n s t i t ­
uent m a te r ia l s  v a r ie d  as b in d e r  co n ten t  was a l t e r e d  over a f a i r l y  
narrow range which inc luded  the  b in d e r  c o n ten ts  l i k e l y  to  be 
used in  p r a c t i s e .  From such r e s u l t s  i t  should a lso  be p o s s ib le  
to  e s t a b l i s h  c o r r e l a t i o n s  between d i f f e r e n t  m ixture p r o p e r t i e s ,  
f o r  the  same l im i te d  range of b in d e r  c o n te n t .  This approach 
i s  cons ide red  by the  au th o r  to  improve upon those  used in  s im i la r  
i n v e s t ig a t i o n s  re p o r te d  e lsew here , in  which r e s u l t s ,  f o r  what 
may be conside red  " in d iv id u a l"  m ix tures , o f  vary ing  type and com­
p o s i t io n  have been brought to g e th e r .  This has r e s u l t e d  in  
a very  wide range o f m ixture  p r o p e r t i e s  being  conside red  w ith  
m ix tu res  va ry ing  from very  r e s i s t a n t  to  very  s u s c e p t ib le  to  d e f ­
orm ation , be ing  used to  e s t a b l i s h  c o r r e l a t i o n s  between the  v a r io u s  
t e s t s  co n s id e re d .  Giving c o n s id e ra t io n  to  the  s c a t t e r  o f  r e s ­
u l t s  in  what maybe termed the  p r a c t i c a l  range , t h i s  tends  to  
in d ic a te  t h a t  p rev io u s  work i s  saying, the  t e s t  methods co n sid e red  
a re  capable o f  t e l l i n g  "cha lk  from cheese"  but l i t t l e  e l s e .
R esu lts  of t h i s  n a tu re  are  u s e f u l ,  in  t h a t  they  i d e n t i f y  the  
presence of such c o r r e l a t i o n s ,  but u n t i l  s im i la r  r e l a t i o n s h i p s  
can be i d e n t i f i e d  fo r  the ranges of b in d e r  co n ten t  of the  o rd e r  
of those used in  t h i s  work, l i t t l e  p r a c t i c a l  value can be o b ta in ed
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due to  the  h igh  s c a t t e r  of r e s u l t s .
3 .4  Comparison o f Laborato ry  and Road R esu lts
I f  any degree o f  confidence  i s  to  be p laced  upon la b o ra to ry  t e s t  
r e s u l t s ,  i t  i s  e s s e n t i a l  t h a t  such r e s u l t s  are  c o r r e l a t e d  w ith  
a c tu a l  road perform ance, in  o rd e r  to  answer such q u es t io n s  a s :
(a )  I s  the  "optimum b in d e r  c o n ten t"  determ ined in  the  la b o ra to ry  
eq u a l  to  the  b in d e r  c o n ten t  g iv in g  "optimum" performance under 
road c o n d it io n s?
(b) What l im i t s  should be s e t  on the  v a lues  of t e s t  param eters  
measured in  o rd e r  to  ensure  the  p ro d u c tio n  of m ix tu res  w ith  the  
d e s i r e d  degree o f  r e s i s t a n c e  to  deform ation  under g iven  t r a f f i c  
and c l im a t ic  con d it io n s?
In  an a ttem pt to  e s t a b l i s h  some c o r r e l a t i o n  between la b o ra to ry
and road r e s u l t s ,  the  c o n s t i tu e n t  m a te r i a l s  f o r  the m ix tu res
in v e s t ig a te d  were the  same as some of those  used by the  T .R .R .L.
(39)in  a f u l l - s c a l e  road t r i a l  on the  A33 W inchester b y -pass .  
Throughout the  S h e f f ie ld  i n v e s t i g a t i o n ,  m ix tu res  were m anufactured  
using  the  same coarse  ag g reg a te ,  f i l l e r  and b in d e r  as used a t  
W inchester and two of the f in e  aggregate  sands. The sands 
used in  t h i s  i n v e s t ig a t i o n  were chosen fo l low ing  d is c u s s io n s  
a t  T.R .R.L. in  e a r ly  1978, when i t  appeared t h a t  m ix tu res  made 
w ith  th ese  m a te r ia l s  and l a id  a t  W inchester , were showing s ig n s  
o f  p rov id ing  m eaningful d a ta  more q u ick ly  than  s e c t io n s  c o n ta in ­
ing o th e r  sands. I t  should be po in ted  out t h a t  in  o rd e r  to  
confirm  any r e l a t i o n s h ip s  in d ic a te d ,  i t  was o r i g i n a l l y  in tended  
to  u t i l i s e  th re e  sands from the A33 experim ent, but in  the  even t
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lack  of time preven ted  t h i s .
The H.R.A. m ix tu res  l a id  a t  W inchester co n ta ined  307o s to n e ,  so 
to  f a c i l i t a t e  the c o r r e l a t i o n ,  la b o ra to ry  t e s t s  on 307. s tone 
m ix tu res  were conducted over a range o f b in d e r  c o n te n ts  which
inc luded  those  found on a n a ly s i s  in  the  s e c t io n s  on the  A33.
3 .5  Statement of Aims and O b jec tiv es
The o v e r a l l  aims o f the  in v e s t ig a t i o n  have been r e f e r r e d  to  p re ­
v io u s ly .  To recap , they  a re :
(a )  To a s se s s  the  a b i l i t y  of the  th re e  t e s t  methods co n s id e re d ,
to  a s s i s t  in  the  s e l e c t i o n  of an "optimum" m ixture com position , 
re g a rd in g  d u r a b i l i t y  and, in  p a r t i c u l a r ,  r e s i s t a n c e  to  d e fo rm ation .
(b) To determ ine the  p r o p e r t i e s  of H.R.A. m ix tu res  having good 
r e s i s t a n c e  to  defo rm ation , b u t ,  in  p a r t i c u l a r ,  to  e s t a b l i s h  a 
r e l a t i o n s h ip  between M arshall param eters  and r e s i s t a n c e  to  d e f ­
o rm ation .
In  o rd e r  to  achieve th e se  o v e r a l l  aims the  a t ta in m en t o f  a number 
o f  secondary o b je c t iv e s  was a n t i c ip a te d  during  the  course  of 
the  i n v e s t ig a t i o n ,  namely:
(a )  The development of s u i ta b le  specimen m anufacture and t e s t i n g  
p ro c e d u re s .
(b) A c r i t i c a l  a p p r a i s a l  o f  specimen manufacture and t e s t i n g  
p rocedures , along w ith  the  a s s o c ia te d  a n a ly s i s  of t e s t  r e s u l t s  
employed.
(c )  Form ulation of methods of s e l e c t in g  "optimum b in d e r  c o n t e n t s , "  
from t e s t  r e s u l t s .
69
(d ) Assessment o f the  v a l i d i t y  o f ex ten d in g  the  M arshall mix 
d esig n  (a s  p e r B .S . 594) to  s to n e - f i l l e d  m ix tu re s .
(e )  C o rre la tio n  of M arshall t e s t  and In d ir e c t  T en s ile  t e s t  re s
u l t s  over the  range o f stone c o n te n ts  c o n s id e re d .
( f )  C o rre la tio n  o f M arshall t e s t  and Wheel T racking t e s t  r e s ­
u l t s  fo r  the  h ig h -s to n e  c o n ten t m ix tu re s .
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4 . MATERIALS AND SPECIMEN COMPOSITION
4 . I In tro d u c tio n
The samples o f H.R.A. used in  t h i s  in v e s t ig a t io n  were m anufactured
from c o n s t i tu e n t  m a te r ia ls ;  co arse  a g g re g a te , f in e  a g g re g a te ,
f i l l e r  and b in d e r , nom inally  the  same as those  com prising  m ix tu res
la id  in  the  A33 W inchester by-pass experim ent 1972. R eference
(59)to  the  T .R .R .L . lay in g  re p o r t  fo r  the  A33 experim ent enab led
the  m a te r ia l  s u p p lie rs  to  be i d e n t i f i e d .  They were th en  con­
ta c te d  and arrangem ents made to  c o l l e c t  s u f f ic ie n t  q u a n t i t ie s  
o f each m a te r ia l ,  to  en ab le  the  com pletion  o f the  in v e s t ig a t io n .
P r io r  to  commencement o f the  main ex p erim en ta l work, th e  m a te r ia ls  
were f i r s t  su b jec te d  to  a number o f ro u tin e  t e s t s  in  o rd e r  to  
a s c e r ta in  i f  t h e i r  p ro p e r t ie s  were s ig n i f i c a n t ly  d i f f e r e n t  from 
those  o f the  m a te r ia ls  used in  1972. The r e s u l t s  o f th e se  
an a ly se s  are  g iven  in  the  fo llo w in g  s e c t io n s .  Also in c lu d ed  
a re  r e s u l t s  o f s im ila r  t e s t s  conducted a t  the  ESSO R esearch  C en tre , 
Abingdon, (E .R .C .A .) ,' on d i f f e r e n t  samples o f the  same m a te r ia l s ,
o b ta in ed  fo r  c o -o p e ra tiv e  work c a r r ie d  out a t  E.R.C.A. du rin g
th e  summer o f 1978.
Samples o f co arse  a g g reg a te , f in e  agg reg ate  and f i l l e r  were tak en  
and reduced to  the  re q u ire d  s iz e  fo r  t e s t in g  in  accordance w ith  
B .S . 812 p a r t  i j ^ 82) and the  t e s t s  conducted in  accordance w ith
B .S. 812 p a r t s  l ^ 182  ^ and 2^183\
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4 .2  Coarse Aggregate
T his i s  d e fin ed  by B .S. 594 (1973) as " m a te r ia l s u b s ta n t ia l ly  
r e ta in e d  on a 2.36mm B.S. t e s t  s ie v e ."
The co arse  agg regate  used was a 14mm nom inal s iz e ,  B a s a l t ,  crushed
rock  a g g re g a te , su p p lied  by:
John W ainwright & Company L im ited ,
Moon*s H i l l  B asa lt Q u a rrie s ,
Stoke S t. M ichael,
Nr. Shepton M a lle t,
Som erset.
( 182}4 .2 .1  Sieve a n a ly s is  - p a r t i c l e  s iz e  d i s t r i b u t i o n .
R e su lts  a re  g iven  in  ta b le  14, w ith  th e  g rad ing  l im i t s  g iven
in  B .S. 594 in c luded  fo r  com parison. The l a t t e r  r e l a t e  to
w earing course  m ix tu res  c o n ta in in g  307o by mass o f 14 o r 20mm
nom inal s iz e  co arse  a g g re g a te , la id  to  a nom inal th ic k n e ss  o f
40mm. “The m ix tu re s  in  the  A33 ex perim en t, W ere, la id  to  a " ta r g e t "
(59)th ic k n e ss  o f 38mm. '
TABLE 14
Coarse aggregate  g ra d in g .
(number of d e te rm in a tio n s  shown in  b ra c k e ts ) .
B .S . Sieve Size 
(mm)
P ercen tage  p a ss in g  by mass
S h e ff ie ld  (6) E.R.C.A. (3) B .S. 594 Table 2
28 100 100 100 •
20 100 100 85 - 100
14 90 88 0 - 100
10 11 10 0 - 6 0
6. 3 0 0 -
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The m a te r ia l  com plies w ith  B .S. 594 g rad ing  req u irem en ts , and 
th e  s u p p lie rs  i n d i c a t e t h a t  the  g rad ing  has n o t changed 
s ig n i f ic a n t ly  s in ce  1972. I t  i s ,  th e r e f o r e ,  a n t ic ip a te d  th a t  
th e  g rad ing  i s  n o t s ig n i f i c a n t ly  d i f f e r e n t  from th a t  o f th e  m at­
e r i a l  used in  the  A33 experim en t.
(1o3 \4 .2 .2  R e la tiv e  D ensity  and Water A b so rp tio n .
The mean v a lu es  o f th re e  t e s t s  on d u p lic a te  samples a re  g iven
(59)below. The f ig u re  in  b ra c k e ts  i s  th a t  quoted by T .R .R .L .
R e la tiv e  d e n s ity  on an oven-dry  b a s is  = 2.71
R e la tiv e  d e n s ity  on a s a tu ra te d  su rfa c e -d ry
b a s is  = 2.72
Apparent r e l a t i v e  d e n s ity  = 2.76 (2 .7 7 )
W ater a b so rp tio n  (% dry  m ass) = 0 .7
4 .3  Fine A ggregate
T his i s  d e fin ed  as th a t  p o r tio n  o f the  m in e ra l agg reg ate  which 
p asses  a 2.36mm B .S. t e s t  s iev e  and i s  re ta in e d  on a 75pm B .S. 
t e s t  s ie v e . Two ty p es  o f f in e  agg regate  were used in  t h i s  
in v e s t ig a t io n ,  bo th  o f which were s i l ic e o u s  sands.
Sand A: was com prised o f g ra in s  of q u a r t z i t e ,  q u a r tz i t i c  sand­
stone and q u a r tz , and appeared l ig h t  p ink ish-brow n in  c o lo u r , 
su p p lied  by:
E.G.C. Q uarries  L im ited ,
Rockbeare P i t ,
Nr. O tte ry  S t. Mary,
Devon.
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Sand B: was com prised o f uncrushed sub-rounded c h e r t  w ith  q u a rtz
and f l i n t ,  i t  appeared medium-brown v a ria g a te d  in  c o lo u r , su p p lied  
by:
H all A ggregates (Thames V alley ) L im ited ,
S ta in e s  Lane,
C h ertsey ,
S u rre y .
n 82)4 .3 .1  Sieve a n a ly s is  - P a r t i c l e - s i z e  d i s t r ib u t io n  
R e su lts  fo r  "as re c e iv e d "  samples o f sands A and B are  g iven  
in  ta b le s  15 and 16 r e s p e c t iv e ly ,  the  g rad ing  l im its  g iven  in  
B .S . 594 (1973) a re  in c lu d ed  fo r  com parison.
I t  can be seen th a t  sand A com plies w ith  the  req u irem en ts  o f 
B .S . 594, and maybe co n sid e red  a ty p ic a l  " a s p h a lt"  sand. How­
e v e r , sand B f a i l s  to  meet th e se  same req u irem e n ts , due in  p a r t i c u l a r  
to  a h igh  percen tag e  (177») r e ta in e d  on a 2.36mm s ie v e . The
g rad in g s  o f bo th  sands d i f f e r  only  s l i g h t ly  from those  quoted 
(59)by T .R .R .L ., 7 and i t  i s  co n sid e red  j u s t i f i a b l e  to  c o n s id e r
th e se  m a te r ia ls  as being  nom inally  the  same as those  used in  
th e  A33 experim en t.
F u r th e r , i f  the  p o r t io n  o f sand B, r e ta in e d  on a 2.36mm siev e  
i s  removed, the  m a te r ia l  tak es  on the  g rad ing  in d ic a te d  in  ta b le  
17. This i s  somewhat c lo s e r  to  the  B .S. 594 req u ire m e n ts , 
b u t n e v e r th e le s s ,  s t i l l  f a i l s  to  comply w ith  them. These "as 
re c e iv e d "  and "m odified" g rad ings w i l l  be r e f e r r e d  to  l a t e r .
Grading cu rv e s , p lo t te d  from the  in fo rm a tio n  co n ta in ed  in  the  
ta b le s  p re v io u s ly  r e f e r r e d  to ,  a re  p re sen te d  in  f ig u re  3.
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TABLE 15
Grading o f Sand A
(Number o f d e te rm in a tio n s  shown in  b ra c k e ts )
B .S. s iev e  
Size
P ercen tage  P assin g  by Mass
S h e ff ie ld
(8)
e . r . c .A.
(2) T .R .R .L .
B .S. 594 
Table 3
5mm 100 100 100 100
2.36 100 100 100 95 - 100
1.18 99 99 99
600 m icrons 95 95 97 75 -  100
425 89 - 92
300 61 64 70
212 33 35 33 15 - 60
150 15 14 18
75 -2.5 3 .5 2.9 0 -  5
TABLE 16
Grading o f Sand B !tas re c e iv e d ”
(number o f d e te rm in a tio n s  shown in  b ra c k e ts )
B .S. sieve  
Size
P ercen tage  P assing  by Mass
S h e ff ie ld  (8 ) T .R .R .L . B .S. 594 Table 3
5mm 100 100 100
2.36 83 85 95 - 100
1.18 68 74
600 m icrons 54 59 75 - 100
425 42 44
300 19 25
212 8 8 15 - 60
150 3 4
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TABLE 17
Grading o f Sand B - p lu s  2.36mm p o r tio n  removed
B .S. Sieve 
Size











/IQON4 .3 .2  R e la tiv e  D ensity  and Water A bsorp tion
The mean v a lu es  o f two t e s t s  on d u p lic a te  sam ples, fo r  each  sand,
a re  g iven  below, the  f ig u re s  in  b ra c k e ts  a re  those  quoted by
t . r . r . l / 59)
For Sand A:
R e la tiv e  d e n s ity  on an oven-dry  b a s is
R e la tiv e  d e n s ity  on a s a tu ra te d  su rface  
dry  b a s is
Apparent r e l a t i v e  d e n s ity  
Water A bsorp tion  (7> dry  mass)
For Sand B:
R e la tiv e  d e n s ity  on an oven-dry b a s is
R e la tiv e  d e n s ity  on a s a tu ra te d  surface- 
dry  b a s is
Apparent r e l a t iv e  d e n s ity  
Water A bsorp tion  (7„ dry  mass)
2.57
2.61 




2.67 (2 .6 7 ) 
1.3
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4 .4  F i l l e r
This i s  d e fin ed  as the  p o r tio n  o f th e  m in e ra l agg reg ate  which 
p asses  a 75pm B .S. t e s t  s ie v e .
The f i l l e r  used was a crushed  lim e s to n e , su p p lied  by:
F ran c is  Flower and Son L im ited ,




4 .4 .1  P ercen tage  P assin g  a 75pm sieve
The c u r re n t  B .S. 594 re q u ire s  857. by mass o f th e  added f i l l e r
to  pass a 75pm B.S. t e s t  s ie v e . The r e s u l t s  in  ta b le  18 in d i
c a te  th a t  th e  m a te r ia l  used m eets t h i s  requ irem en t and th a t  th e
( 59 )value  found on a n a ly s is  ag rees  w ith  th a t  quoted by T .R .R .L .
TABLE 18
F i l l e r :  7>age p ass in g  75nm siev e




T .R .R .L .
% p ass in g  75pm 
s iev e  by mass 88 88 88
F ig u res  in  b ra c k e ts  in d ic a te  th e  number o f d e te rm in a tio n s  con­
d u c ted .
4 .4 .2  R s la tiv e  D en sity ^
The mean value o f 2 .7 0 , found on a n a ly s is ,  fo r  two d u p lic a te
( 5 9 )d e te rm in a tio n s , i s  in  agreem ent w ith  the  value  quoted by T .R .R .L .
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4 .5  Binder
The b in d e r used in  the  A33 experim ent was a 50 p e n e tra t io n  grade
Petroleum  bitum en from a Middle East crude so u rce , su p p lied  by
the  SHELL I n te r n a t io n a l  Petroleum  Company L im ited . A
sample o f t h i s  m a te r ia l  was o b ta in ed  from T .R .R .L . by E.R.C.A.
and a b in d e r "matched" to  i t  was produced and su p p lied  by:
ESSO Petroleum  Company L im ited ,
Fawle y Re f  ine  r y ,
Southampton.
The "matched" b in d e r was sampled and te s te d  acco rd ing  to  the  
re le v a n t  B r i t i s h  S tandard  o r I n s t i t u t e  o f Petroleum  S tandard , 
t e s t  r e s u l t s  are  g iven  in  ta b le  19:
TABLE 19
B inder P ro p e r tie s
(F ig u res  in  b ra c k e ts  in d ic a te  re fe re n c e  o f the  r e le v a n t  t e s t  
s ta n d a r d .)
P ro p erty She f  f i e  Id E.R.C.A. T .R .R .L .
(186) P e n e tra tio n  
(25° C) 57 58 -
(187) S often ing  
P o in t (°  C) 51 51 56
(173) P . I .(nomograph) 0 .3 0 .3 0-
(188) P e r m i t t iv i ty  
(25° C) - 2.663 2.685
Each value i s  the  mean fo r  d u p lic a te  d e te rm in a tio n s .
80
The r e l a t iv e  d e n s ity  was a lso  determ ined accord ing  to  I .P .  1 9 0 ,^ ® ^  
the  mean o f th re e  d u p lic a te  d e te rm in a tio n s  gave a value o f 1 .03 .
A ll th in g s  c o n sid e re d , the  p ro p e r t ie s  o f the  "m atched” b in d e r , 
do n o t d i f f e r  g r e a t ly  from those  o f th a t  used in  the  A33 e x p e r i ­
ment .
4 .6  Specimen Com position
4 .6 .1  G eneral
The ranges o f Stone c o n te n t and b in d e r c o n ten t to  be co n sid e re d  
have been d e sc rib ed  in  the  p rev io u s  c h a p te r .
Throughout the  in v e s t ig a t io n  the  com position  o f t e s t  specim ens 
was as fo llo w s :
(a )  For "m ortar"  m ix tu res  c o n ta in in g  07, s to n e , each  specim en 
com prised a g iven  p ercen tage  by mass o f the  t o t a l  mix, b in d e r 
(wb), f in e  a g g re g a te , p ass in g  a 2.36mm siev e  and s u f f i c i e n t  added 
f i l l e r  to  b rin g  the  p ro p o r tio n  o f agg regate  r e ta in e d  and aggre-~~ 
ga te  p ass in g  a 75pm s iev e  to  6 :1 . This r a t i o  was m ain ta ined  
c o n s ta n t as b in d e r c o n ten t was v a r ie d , as s p e c if ie d  in  S ec tio n
3 o f B .S. 594 (1 9 7 3 ) .^
(b ) For " S to n e - f i l le d "  m ix tu res  c o n ta in in g  a g iven  p ercen tag e  
by mass o f the  t o t a l  mix, co arse  agg regate  (w ^), the s a n d / f i l l e r  
r a t i o  was m ain ta ined  c o n s ta n t a t  6 :1 , w h ils t  bo th  w  ^ and wb were
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v a r ie d . C onsequently , each specimen was com prised w % stone 
and wb % b in d e r , (p e rcen tag e s  by mass o f the t o t a l  m ix), and 
s u f f i c i e n t  q u a n t i t ie s  o f f in e  agg regate  and f i l l e r  to  produce 
a 6 :1  r a t i o  o f m a te r ia l  p a ss in g  a 2.36mm siev e  and r e ta in e d  on
a 75jim s ie v e , to  m a te r ia l  p ass in g  a 75pn s ie v e . Such a compo­
s i t i o n  i s  shown d iag ram m atica lly  in  f ig u re  4 ( a ) .
4 .6 .2  C a lc u la tio n  o f Specimen P ro p o rtio n s  re q u ire d  
As w^  and wb are  ex p ressed  in  term s o f % by mass of t o t a l  mix,
a knowledge o f th e  t o t a l  mass o f the  mix (Wm) i s  re q u ire d  in
o rd e r  to  c a lc u la te  the  mass o f each  c o n s t i tu e n t  to  be combined 
to  produce the  d e s ire d  o v e ra l l  specimen com position .
As M arshall t e s t  specimens a re  re q u ire d  to  have a h e ig h t o f . .
63.5 1* 1.5mm, i t  was n ecessa ry  to  de te rm in e , by means o f t r i a l  
m ixes, th e  value  o f Win re q u ire d  to  produce specimens w ith in  t h i s  
ran g e , f o r  each  w^  and wb used . A s e r ie s  o f specimens were 
made up, having d i f f e r in g  Win's and w ith  b in d e r c o n te n ts  a t  the  
c e n tre  and extrem es o f the  range s e le c te d .  ' The h e ig h t o f each  
compacted specimen (H) was determ ined and compared w ith  th a t  
s p e c i f ie d .  From such d a ta  the  v a lu es  o f Win re q u ire d  a t  each  
b in d e r c o n ten t were e s tim a te d . This p rocedure i s  i l l u s t r a t e d  
in  ta b le  20, fo r  m ix tu res  c o n ta in in g  sand A, crushed  lim estone  
f i l l e r  and w  ^ = 0, over a range o f wb.
With Win o b ta in ed  in  the  above manner i t  fo llo w s , fo r  a "m orta r"  
m ix tu re , t h a t ,
Win = Ws + Wf + Wb (1 )
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Where Ws = mass o f sand
Wf = mass o f f i l l e r  
Wb = mass o f b in d e r .
WbMass o f b in d e r re q u ire d  (Wb) = Wm x grams (2 )
hence
Mass o f f in e  agg regate  p lu s  f i l l e r  (Wsf)
= Wm - Wb grams (3 )
Wsf must be p ro p o rtio n ed  such th a t  85.7l7o, (6 /7 )  i s  r e ta in e d  on 
a 75pm s ie v e . T his c a lc u la t io n  i s  com plicated  by the  f a c t  
th a t  in  the  case  o f bo th  sands used , p a r t  o f the  f in e  ag g reg a te  
p asses  a 75pm s iev e  (SP), and t h i s  p o r t io n  m ust, th e r e f o r e ,  be 
co n sid ered  p a r t  o f the  f i l l e r .  F u r th e r , p a r t  o f th e  f i l l e r  
i s  r e ta in e d  on a 75pm s iev e  (FR) and, th e r e f o r e ,  must be c o n s id ­
e re d  as p a r t  o f the  f in e  a g g re g a te . This s i tu a t io n  i s  
i l l u s t r a t e d  d iag ram m atica lly  in  f ig u re  4 (b ) .
To c a lc u la te  th e  p ro p o r tio n  of sand re q u ire d  in  Wsf (Y ), a know­
ledge o f the  fo llo w in g  i s  re q u ire d :
(a ) 7>age o f f i l l e r  r e ta in e d  on a 75pm siev e  = (FR)
(b ) 7>age o f sand re ta in e d  on a 75pm s iev e  = (GR)
This d a ta  i s  a v a ila b le  from siev e  a n a ly s is  r e s u l t s .
85.71 - FR
th en  Y = ------------------ (4 )CR - FR
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TABLE 20
T r ia l  Mixes - to  determ ine re q u ire d  specimen m ass. 
07o Stone - Sand A.






1000 60.2 Too sm all
1100 63.8 Use HOOg as 
to  m id-range
h e ig h t i s  c lo se  
value
1200 67.1 Too la rg e
(b ) B inder c o n ten t 9.57,
1000 63.6 Both h e ig h ts  f a l l  w ith in  spec­
i f i e d  ran g e . Use lOOOg as i t  i s  
c lo s e s t  to  mid range1050 64.8
1100 66.7 Too la rg e
(c )  B inder c o n te n t 15.07,
1100 60.1 Too sm all
1150 61.6 Too sm all
1200 63.4 Use 1200g as i t  i s  c lo se  to  
m id-range value





















* Values determ ined above.
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hence
mass o f sand re q u ire d  (Ws) = Wsf x Y grams. (5 )
and p ro p o r tio n  o f f i l l e r  re q u ire d  in  Wsf (Z)
= 1 - Y (6)
hence
mass o f f i l l e r  re q u ire d  (Wf) = Wsf x Z grams (7 )
Follow ing th e se  c a lc u la t io n s  th rough f o r  a specimen c o n ta in in g  
9.57, by mass b in d e r , crushed  lim estone  f i l l e r ,  07. stone and sand 
A we f in d :
from ta b le  20, Win = 1000 grams.
9 5hence Wb = 1000 x  (y^Q1) = 95.0  grams 
and Wsf = 1000 - 95 = 905 grams
from ta b le  18, FR = 12.07, and from ta b le  15, CR = 97.57,
, „  85.71 - 12.0 „
hence Y = 9 7 .'5 - " 1 2 .0 - = ° - 8621
hence Ws = 905 x  0.8621 = 780.2 grams
and Z = 1 -  0.8621 = 0.1879
hence Wf = 905 x  0.1879 = 124.8 grams
When co n s id e rin g  "m ortar"  m ix tu re s , i t  was re q u ire d  th a t  a l l  
o f the  agg regate  passed  a 2.36mm. s ie v e , t h i s  requ irem en t was 
met fo r  sand A bu t e n ta i le d  the  sc ree n in g  o f sand B in  o rd e r  
to  remove the  p lu s  2.36mm m a te r ia l .  Any c a lc u la t io n s  w ere, 
th e re fo re ,  based upon th e  g rad ing  g iven  in  ta b le  17, and n o t 
the  "as re c e iv e d "  g rad ing  shown in  ta b le  16.
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Extending the  p reced ing  to  " s to n e - f i l l e d "  m ix tu re s , c o n ta in in g  
7o co arse  a g g r e g a te e q u a t i o n  (1) becomes:
Wm = Wst + Ws + Wf + Wb (8 )
where Wst = mass o f co arse  agg regate
hence
W1Wst = Win x  ( loo") §rarns
and hence e q u a tio n  (3 ) becomes
Wsf = Win - (Wst + Wb) grams. (10)
For m ix tu res  c o n ta in in g  sand A, c a lc u la t io n  co n tin u es  as b e fo re , 
to  determ ine Ws and Wf. However, the  s i tu a t io n  re g a rd in g  sand 
B i s  com plicated  by the  f a c t  th a t  th e re  i s  a s ig n i f ic a n t  f r a c t io n  
o f p lu s  2.36mm m a te r ia l  (SR), which must be co n sid e red  as p a r t  
o f the  co arse  ag g re g a te , see f ig u re  4 ( b ) .  T his be ing  th e  
c a se , having determ ined Ws, in  th e  manner in d ic a te d  p re v io u s ly , 
u s in g  the  "m odified" g rad in g , ta b le  17, i t  i s  n e c e ssa ry  to  d e t ­
erm ine the  mass o f p lu s  2.36mm m a te r ia l  (Wsr) th a t  would b e ~ p re se n t, 
had i t  n o t been removed.
Wsr = Ws ,100 - SR. - 1
4 oo ;
grams
and hence the  mass of a c tu a l  co arse  agg regate  to  be added (W st^), 
to  b rin g  the  stone c o n ten t up to  wi7<> i s  eq u a l to :
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Wst^ = Wst -  Wsr grams.
In  some c a se s , where th e  stone  c o n ten t was low, Wsr was found to  
be g re a te r  th an  the  re q u ire d  value o f Wsb, and in  such in s ta n c e s  
the  a d d itio n  o f a c tu a l  co arse  aggregate  was n o t n ece ssa ry  and 
Wst was com prised t o t a l l y  o f th a t  p o r t io n  o f the  sand re ta in e d  
on a 2.36 mm s ie v e .
Hence, when p re p a rin g  s to n e - f i l l e d  m ix tu res  c o n ta in in g  sand B, 
the  f r a c t io n  r e ta in e d  on a 2.36mm siev e  was f i r s t  removed and 
th e  re q u ire d  amount (Wsr) recombined a t  a l a t e r  tim e .
A com puter programme (Mix 1) was developed a t  t h i s  s tag e  p r im a r i ly  
to  speed up the  c a lc u la t io n  o f specimen p ro p o rtio n s  b u t a lso  to  
remove any e r r o r s  which may occur in  the  course  of manual c a lc u l ­
a tio n s  and to  be s to re d  fo r  fu tu re  u se . F u ll  d e t a i l s  o f th i s  
a re  g iven  in  Appendix A, along w ith  sample o u t-p u t .
4 .6 .3  Specimen I d e n t i f i c a t io n
From the  p o in t where the  m ix ture  p ro p o r tio n s  were determ ined , 
each specimen (m ix ture  com position ) was g iven  an i d e n t i f i c a t i o n  
number so th a t  a l l  d a ta  r e la te d  to  th a t  p a r t i c u la r  m ix tu re  cou ld  
be kep t t r a c k  o f .
The id e n t i f i c a t i o n  system  adopted i s  o u tl in e d  below: 
e .g .  30A 15.0M.1
This r e f e r s  to  a 307» stone c o n te n t m ix ture  (3 0 ) , u s in g  sand A 
(A), having  a b in d e r c o n ten t o f 15.07o (1 5 .0 ) and te s te d  u sin g  
the M arshall method (M). The f i n a l  f ig u re  (1 ) in d ic a te s  th i s
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i s  the  f i r s t  o f a p a i r  o f d u p lic a te  specim ens. Thus d e s c r ib ­
ing  f u l l y  the  m ixture, and t e s t  method, a s im ila r  m ix ture  te s te d  
by the  In d ir e c t-T e n s i le  t e s t  method would be id e n t i f i e d  by a (T) 




5 .1  In tr o d u c t io n :
The methods used in  th i s  in v e s t ig a t io n  fo r  the  m anufacture and 
te s t in g  o f specimens a re  d e sc rib ed  in  the  fo llo w in g  s e c t io n s ,  
w ith  p a r t i c u la r  a t t e n t io n  being  g iven  to  the  developm ent o f the 
tech n iq u es  and ap p ara tu s  used . To compliment t h i s ,  a more 
d e ta i le d ,  s te p -b y -s te p  method fo r  each  t e s t  i s  in c lu d ed  in  App­
en d ix  B. C onsiderab le  a t te n t io n  i s  pa id  to  the developm ent 
o f the  M arshall T est procedure  as much o f the  equipm ent, and 
many o f the  tech n iq u es  and le sso n s  learnficfare a p p lic a b le  to  the 
o th e r  two t e s t  m ethods.
5 .2  Storage o f C o n s ti tu e n t M a te r ia ls :
P r io r  to  the  s t a r t  o f any ex p erim en ta l work c o n s id e ra tio n  was 
g iven  to  the  manner in  which the c o n s t i tu e n t  m a te r ia ls  were to  
be s to re d .
In  o rd e r to  p rev en t any d u s t produced du rin g  the h an d lin g  and 
te s t in g  o f the  ag g reg a tes  and f i l l e r  from con tam inating  sam ples 
and equipm ent being  used in  the  main la b o ra to ry , th e se  c o n s t i tu e n ts  
were s to re d  in  a room se p a ra te  from the  main la b o ra to ry . This 
room was equipped w ith  th e  ap p ara tu s  n ecessa ry  to  conduct ro u tin e  
t e s t s  and to  f a c i l i t a t e  b a tch in g  o f the  ag g reg a tes  and f i l l e r  
p r io r  to  m ixing.
Coarse aggregate  and f in e  agg regate  were s to re d  in  la b e l le d  sacks 
u n t i l  re q u ire d  when s u f f i c i e n t  q u a n t i t ie s  were oven d rie d  and 
p laced  in  se p a ra te  la b e l le d  s to rag e  b in s .  The f i l l e r  was
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oven d r ie d  and s to re d  in  a i r t i g h t  c o n ta in e rs .
The b in d e r to  be used was su p p lied  in  12.5 kg. kegs, th e se  were 
la b e l le d  and s to re d  in  a sm all room a lso  se p a ra te  from the  main 
la b o ra to ry . T his lo c a t io n  was chosen as i t  rem ained r e l a t i v e l y  
co o l and was ou t o f d i r e c t  s u n l ig h t .
Throughout the course  o f the  in v e s t ig a t io n ,  p e r io d ic  t e s t s  were 
made on samples o f a l l  m a te r ia ls  to  check th a t  t h e i r  p r o p e r t ie s ,  
p a r t i c u l a r ly  the aggregate  g rad ing  and b in d e r p e n e tr a t io n  d id  
n o t change s ig n i f i c a n t ly .
5 .3  The M arshall T e s t :
5 .3 .1  In tro d u c tio n
The au th o r was fo r tu n a te  in  th a t  the  b a s ic  equipm ent re q u ire d  
to  c a r ry  ou t the  M arshall T est was a v a ila b le  a t  the  o n s e t .
I t  was decided  th a t  the  M arshall T est would be conducted in  a c c o r­
dance w ith  S ec tio n  3, B .S. 594 ( 1 9 7 3 ) ,^ ^  w ith  m o d if ic a tio n s  to  
th e  procedure g iven  in  B0S. 594 being  made where i t  was co n sid e red  
a p p ro p r ia te . An in v e s t ig a t io n  based upon " t r i a l  and e r r o r "  was 
u ndertaken  whereby:
1. v a ry ing  the  tech n iq u es  used
2. m o d if ic a tio n s  to  ap p ara tu s  used
3 . ex p erien ce  gained
would lead  to  the  developm ent o f a s u i ta b le  sequence o f o p e ra tio n s  
fo r  the  m anufacture and t e s t in g  o f specim ens.
5 .3 .2  P re p a ra tio n  o f C o n s titu e n t M a te ria ls
Any co arse  agg regate  to  be used was tho rough ly  shaken on a 2.36mm
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s iev e  to  remove any d u s t p re se n t and the  f in e  agg regate  was screened 
to  remove any p lu s  2.36mm m a te r ia l .  In  the case of Sand B the 
p lu s  2.36mm m a te r ia l  was re ta in e d  and s to re d  s e p a ra te ly .
The ag g reg a te s  and f i l l e r  were th en  sampled and p repared  acco rd in g  
to  BoS. 594 ( 3 .4 .2 .3 . ) ,  the  re q u ire d  q u a n t i t ie s  ( 4 .6 .2 . )  o f each , 
s u f f i c i e n t  fo r  a s in g le  specim en, were weighed ou t to  the  n e a re s t  
1 gram and p laced  in  a s u i ta b le  c o n ta in e r  which was th en  la b e l le d  
w ith  th e  a p p ro p ria te  specimen i d e n t i f i c a t i o n  number ( 4 .6 .3 . ) .
The b in d e r was h ea ted  and decanted  in to  sm all c o n ta in e r s ,  one 
p e r specim en, covered and allow ed to  c o o l.
The type o f c o n ta in e r  used fo r  the  b in d e r was found to  be im port­
a n t .  Small p a in t  t i n s  p re sen te d  problem s due to  the. presence  
o f a " l ip "  around the  in s id e  o f the  t i n  which made i t  d i f f i c u l t  
to  c o n tro l  the  q u a n ti ty  o f b in d e r be ing  poured from th e  t i n .
I t  was a lso  d i f f i c u l t  to  remove the  l id s  o f such t i n s  when work­
ing  in  h e a t r e s i s t a n t  g lo v e s . S u itab le  t i n s  (90mm d iam eter 
x  90mm) w ith  s l i p  on l id s  were e v e n tu a lly  o b ta in ed  from P. W ilkinson 
C o n ta in ers  L im ited , London, and a t  the  same tim e s im ila r  t i n s  
(125mm d iam eter x  125mm) were o b ta in ed  fo r  use as ag g reg a te  con­
ta in e r s  .
P r io r  to  m ixing the  agg regate  was h ea ted  to  165°C ( ta b le  11, B .S . 
594) in  an oven o v e rn ig h t, however, because the b in d e r was n o t 
to  be m ain ta ined  a t  e le v a te d  tem p era tu res  fo r  lo nger th an  8 h o u rs , 
a s im ila r  tre a tm e n t was n o t p o s s ib le .  S evera l methods o f b r in g ­
ing the b in d e r to  160°C ( ta b le  11, B„S. 594) p r io r  to  m ixing were 
c o n s id e re d . F i r s t l y ,  i t  was p o ss ib le  to  h e a t in d iv id u a l .t i n s
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of b in d e r , as re q u ire d , u s in g  a h o tp la te  such th a t  the  re q u ire d  
tem peratu re  was a t ta in e d  im m ediately p r io r  to  m ixing . This 
approach was co n sid e red  too time consuming and prone to  p roducing  
lo c a l  o v e rh ea tin g  o f the  b in d e r and was r e je c te d .  The use o f 
an oven was co n sid e red  the  b e s t  s o lu t io n ,  however, i f  n o t sw itched  
on u n t i l  the morning when m ixing was to  take p la c e , t h i s  o p e ra tio n  
was c o n s id e ra b ly  d e lay ed . The f i n a l  s o lu t io n , th e re fo re ,  was 
to  equ ip  the  oven w ith  an au tom atic  tim e r whereby i t  was sw itched 
on to  a llo w  j u s t  s u f f i c i e n t  tim e fo r  the  b in d e r to  a t t a i n  tem pera­
tu re s  j u s t  p r io r  to  m ixing .
5 .3 .3  Mixing and Compaction
I t  was lo g ic a l  th a t  th e se  o p e ra tio n s  should be co n sid e red  to g e th e r .  
The aim being  to  develop an o p e ra tin g  p ro ced u re , f o r  the  m anufac­
tu re  o f 24 specim ens, having  the  d e s ire d  com position , in  ra p id  
su cc e ss io n  w h ils t  m a in ta in in g  the  tem pera tu re  of the  mixed m a te r ia l  
w ith in  th e  range 142-146°C ( ta b le  11, B .S . 594) im m ediately  p r io r  
to  com paction.
Loss o f h e a t d u ring  bo th  o p e ra tio n s  was o f c o n s id e ra b le  im portance 
and in  o rd e r to  m inim ise t h i s  from th e  s t a r t ,  thought was g iven  
to  the  lay o u t o f equipm ent such th a t  ev e ry th in g  re q u ire d  a t  each  
s tag e  was c lo se  a t  hand. The r e s u l t in g  lay o u t i s  shown in  f ig u re
5 .
To beg in  w ith , the  m ixing o p e ra tio n  i s  im p o rtan t from the  p o in t 
o f view o f o b ta in in g
1. the a d d it io n  o f the  re q u ire d  amount o f b in d e r
2. a com pletely  homogeneous m ix ture  o f c o n s t i tu e n ts














Layout of equipment for
Mixing - Compaction Operation
For t h i s  o p e ra tio n  a m ixing bowl f i t t e d  w ith  a s u i ta b le  h e a tin g  
elem ent in  o rd e r to  m a in ta in  tem p e ra tu re , as recommended by B .S. 
594, was n o t a v a i la b le .  However, i t  was found p o ss ib le  to  do
w ith o u t th i s  by u t i l i s i n g  a m odified  h o tp la te  (p la te  la )  in to  
which the  m ixing bowl was p laced  whenever p o s s ib le .  In  o rd e r 
to  add the  re q u ire d  amount o f b in d e r the  m ixing bowl c o n ta in in g  
the  agg regate  was p laced  on a 7 kg. c a p a c ity  balance as shown 
in  p la te  lb .  To reduce h e a t lo s se s  a h e a t r e s i s t a n t  glove was 
f i r s t  p laced  on the balance  pan. The balance  had p re v io u s ly  
been ta re d  so th a t  the  p o in te r  j u s t  r e g is te r e d  on th e  s c a le  when 
the  bowl was p o s it io n e d . B inder could  th en  be poured in to  the  
bowl u n t i l  s u f f i c i e n t ,  determ ined by re fe re n c e  to  th e  s c a le ,  had 
been added to  the  n e a re s t  0 .5  gram.
The a c tu a l  mixing o p e ra tio n  was carrie .d  ou t u sing  a \  horsepow er,
5 l i t r e  c a p a c ity  Hobart food m ixer (model no. CE100) see p la te  
l c .  A sm a lle r , le s s  pow erful m ixer o f s im ila r  make and c a p a c ity  
had been found to  have in s u f f i c i e n t  power to  com plete th e  o p e ra ­
t io n .  E arly  work u sin g  a m ixing paddle (p la te  lc )  proved 
u n s a t i s f a c to ry  p r im a r i ly  due to  i t s  f a i l u r e  to  make c o n ta c t w ith  
the  in s id e  o f the  bowl. This r e s u l te d  in  m a te r ia l  a t  the  bottom  
rem aining uncoated and a tendancy fo r  b in d e r to  become s tu c k  around 
the in s id e  o f the  bowl. I t  was ap p aren t th a t  e i t h e r  m o d if ic a tio n
of the paddle was n ecessa ry  o r th a t  m ixing by hand was needed 
a t  some s tag e  to  ensure  a l l  m a te r ia l  became tho rough ly  m ixed.
The l a t t e r  was co n sid ered  too tim e consuming and l ik e ly  to  i n t r o ­
duce an elem ent o f u n co n tro lle d  v a r i a b i l i t y ,  and was r e je c te d .  
In s te ad  the paddle was rep laced  by a w hisk . U n fo rtu n a te ly , the  
" s tan d a rd "  whisk fo r  the  m ixer was u n s u ita b le ,  having too  many 
s tra n d s  and n o t c o n ta c tin g  the in s id e  o f the  bowl. To overcome
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MIXING APPARATUS
3 :  Modified Hotplate
b '  Balance
C ‘ Hobart Mixer
PLATE 1
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th i s  the " s ta n d a rd 11 w hisk was s tr ip p e d  down and r e - b u i l t  u sing  
5 s tra n d s  of 2 mm diam eter s t a in le s s  s t e e l  w ire . Each s tra n d  
was s u f f i c i e n t ly  long so i t  cou ld  be ben t to  the shape re q u ire d  
in  o rd e r fo r  i t  to  scrape  to  the  bottom  and in s id e  o f the  bowl. 
R esu lts  d iscu ssed  in  C hapter 6 in d ic a te d  th a t  th i s  s o lu t io n  com­
bined  with- a m ixing tim e o f 1 m inute a t  the  in te rm e d ia te  speed 
s e t t in g  produced a homogeneous m ix ture  o f the c o n s t i tu e n ts .
I t  a lso  proved s a t i s f a c to r y  fo r  m ix tu res c o n ta in in g  c o a rse  aggreg­
a te ,  p re v io u s ly  when a paddle was used , p a r t i c l e s  o f c o a rse  aggreg­
a te  had become trap p ed  and co n seq u en tly  crushed  between i t  and 
the  in s id e  o f the  bowl. One drawback however was the  tendancy 
fo r  the w ires  to  b reak  f re q u e n tly , and f o r  th i s  reaso n  i t  was - 
n ece ssa ry  to  m a in ta in  a supply  o f w ire  to  r e p a i r  broken s t r a n d s .
For the  same reaso n  i t  was a lso  a d v isa b le  to  have a t  l e a s t  2 w hisks 
a v a ila b le  fo r  use a t  any one tim e.
When i t  came to  specimen com paction, the  equipment fo r  b o th  hand 
o r au tom atic  com paction was a v a i la b le .  I t  was decided  to  u t i l i s e  
the  au tom atic  com pactor (p la te  2) in  an a ttem p t to  remove the  
u n c o n tro lle d  v a r ia t io n  co n sid e red  by the  au th o r to  be in h e re n t 
in  the  manual m ethod. This ap p ara tu s  was, th e re fo re ,  checked 
to  see th a t  i t  com plied w ith  B .S . 594 in  r e s p e c t  to  mass o f hammer.,, 
d is ta n c e  o f f a l l  and r a te  o f d e liv e ry  o f blow s. The form er - 
2 requ irem en ts  were met b u t i t  was found th a t  i t  d e liv e re d  blows 
a t  a r a te  o f 45 p e r m inu te , n o t 60-70 p e r m inute as re q u ire d  by 
B .S . 594. I t  was, th e re fo re ,  n e ce ssa ry  to  modify the  gearbox , 
such th a t  blows were d e liv e re d  a t  the  re q u ire d  r a t e .  In  a d d i t io n ,  
the  com paction moulds were checked to  see th a t  in  p a r t i c u l a r  t h e i r  





On com pletion  of m ixing , specimens were compacted (50 blows per 
f a c e ) ,  ex truded  and p repared  fo r  t e s t in g  nex t day acco rd ing  to  
B .S . 594 ( 3 .4 .2 .5 . ) ,  in  a d d it io n  each specimen was marked w ith  
a p p ro p ria te  i d e n t i f i c a t i o n  number ( 4 .6 .3 . )  Im m ediately p r io r  
to  com paction the  tem pera tu re  o f the mixed m a te r ia l  was d e term ined . 
Using a m ercury therm om eter some d e lay  was experienced  as the 
m ercury ro se  up the c a p i l l a r y ,  th i s  cou ld  be reduced by m a in ta in ­
ing  the  therm om eter (when n o t in  u se) a t  a tem peratu re  o f 140°C, 
by immersing i t  in  an o i l  b a th  m ain ta ined  a t  th i s  tem peratu re  
by means o f a h o t p l a t e .  However, the  use o f a Colmark e le c ­
t ro n ic  therm om eter, g iv in g  an alm ost in s ta n ta n e o u s  re a d in g , was 
found most p ra c t ic a b le  and t h i s  was used f o r  a l l  fu tu re  tem p era tu re  
d e te rm in a tio n s .
The p rocedures developed fo r  m ixing and com paction succeeded in  
ach iev in g  the  aims o f f i r s t l y ,  m a in ta in in g  th e  tem pera tu re  o f 
th e  mixed m a te r ia l  w ith in  the  range 142-146°C im m ediately p r io r  
to  com paction^ seco n d ly , lead  to  th e  p ro d u c tio n  o f compacted 
specim ens having the  d e s ire d  b in d e r c o n ten t and aggregate  g ra d a tio n , 
and f i n a l l y ,  enabling24 such specimens to  be produced w ith in  the  
working day. In  ach iev in g  t h i s  l a s t  aim, g re a t  advantage was 
found in  employing the s e rv ic e s  o f 2 o p e ra tiv e s  in  o rd e r  to  spread  
the  w ork-load , and th i s  r e s u l te d  in  g r e a te r  e f f ic ie n c y  and c o n s is ­
tence  o f o p e ra tio n . A ssigning  one o p e ra tiv e  to  the  m ixing o p e ra tio n  
and the  o th e r  to  com paction, a g re a t  re d u c tio n  in  d e lay  betw een 
the  two o p e ra tio n s  was ach iev ed . B en e fit was a lso  gained  from 
the  f a c t  th a t  bo th  had le s s  to  th in k  about and were le s s  ru sh ed , 
co n sequen tly  le s s  e r r o r s  were made. I t  should be no ted  th a t  
in  o rd e r to  l im i t  v a r ia t io n  due to  d i f f e r e n t  o p e ra to rs ,  the  ro le s
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were never re v e rse d . With in c re a se d  speed of o p e ra tio n , in  
o rd e r to  m a in ta in  te m p e ra tu re s , i t  was e s s e n t i a l  th a t  a l l  e q u ip ­
ment was im m ediately re tu rn e d  to  the  a p p ro p ria te  oven a f t e r  u se .
I t  was a lso  found advantageous to  u t i l i s e  2 m ixing bowls and 2 
w hisks, u sing  each  one a l t e r n a t e ly  w hile  the  o th e r  was in  the 
oven.
5 .3 .4  Measurement o f Specimen Height
The average h e ig h t (H) of compacted specimens was determ ined using  
’ th e  ap p ara tu s  shown in  f ig u re  6 . C o n sis tin g  o f a d ia l-g a u g e  
w ith  a f l a t - f o o t  a ttach m en t, h e ld  by an a d ju s ta b le  clamp a rra n g e ­
ment above a smooth, f l a t ,  s t e e l  b a s e p la te .
The ap p ara tu s  was f i r s t  c a l ib r a te d  by low ering the  d ia l-g a u g e  
onto a machined s t e e l  b lo ck , 63.5 0 .1  mm h ig h , placed on the
b a se p la te  d i r e c t l y  benea th  i t ,  u n t i l  a read in g  o f approx im ate ly  
1000 d iv is io n s  was o b ta in e d . The d ia l-g au g e  was th en  f irm ly  
clamped in  p o s i t io n ,  and th e  s t e e l  b lock  was moved around benea th  
th e  f o o t .  I f  the  d ia l-g au g e  read in g  rem ained c o n s ta n t w hile
t h i s  was done, no f u r th e r  ad justm en t was re q u ire d . I f  th e  re a d ­
ing  v a r ie d , ad justm en ts  were made u n t i l  the  above c o n d itio n  was 
ach iev ed . The i n i t i a l  d ia l-g a u g e  re a d in g , co rresp o n d in g  to  a
specimen h e ig h t - 63.5 mm, was th en  rec o rd ed .
Compacted specimens were in  tu rn ,  p laced  on th e  b a se p la te  ben ea th  
the  fo o t o f the d ia l-g a u g e , and the  gauge read in g  reco rd ed  a t  
5 p o s i t io n s  on the  s u r fa c e . I f  subsequent read in g s  were g r e a te r  
than  the  i n i t i a l  re a d in g , then  the  h e ig h t a t  th a t  p o in t was g r e a te r  
th an  63.5 mm and v ic e -v e r s a . The h e ig h t a t  each of the  5 pos­
i t io n s  was c a lc u la te d  and the  average h e ig h t (H) determ ined to
the  n e a re s t  0 .1  mm, as shown below:
1 01
Apparatus for Determinat ion of
Spec imen Height
C la m pD ia l  [L 
G a u g e lL
Foot
A t t a c h m e n t
S p e c im e n
B a s e p la te
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I n i t i a l  gauge rea d in g  = 1000 d iv is io n s  
Each d iv is io n  ,= 0 .01 mm
POSITION GAUGE READING 
(d iv s )
GAUGE





1 1100 100 1.00 64.50
2 1095 95 0.95 64.45
3 1098 98 0.98 64.48
4 1102 102 1.02 64.52




re p o r t average h e ig h t (H) as 64.5 mm.
Specimen h e ig h ts  were determ ined d u ring  the  course  o f t r i a l  mixes 
( 4 .6 .2 . )  bu t l a t e r  t h i s  was om itted  as i t  was found th a t  specim en 
h e ig h ts  (a s  a r e s u l t  o f t r i a l  m ixes) were s u f f i c i e n t ly  c lo se  to  
th e  s tan d a rd  so as n o t to  w arran t t h i s  tim e consuming d e te rm in a tio n .
N.B. S t a b i l i t y  c o r re c t io n s  w ere, th e re fo re ,  based on specimen 
volume ( 5 .3 .7 . ) .
5 .3 .5  D eterm ination  of Specimen D ensity
To enab le  the  d e te rm in a tio n  of the  Volume (B ), R e la tiv e  D ensity  
(S^) and Compacted Aggregate D ensity  (S^) o f each  specim en, the  
fo llo w in g  were determ ined to  an accuracy  o f 0 .1  gram.
Mass o f dry  specimen in  a i r  (W).
Mass o f specimen immersed in  w a ter a t  20 ^ 1 C (W^).
An O e rtlin g  e le c t r o n ic ,  d i g i t a l  ba lance  of 2 kg c a p a c ity  (model
no. F22TD), w ith  a f a c i l i t y  whereby specimens cou ld  be weighed
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w h ils t  suspended from beneath  the  b a lan c e , was found most s u i ta b le  
fo r  th i s  pu rpose . The form ulae used in  the  c a lc u la t io n s  are  
g iven  in  ta b le  21.
5 .3 .6  C a lc u la tio n  o f A ir Voids in  Specimens 
With a knowledge of the  fo llo w in g :
(a )  the  p e rcen tag es  by mass o f co arse  ag g re g a te , f in e  a g g re g a te , 
f i l l e r  and b in d e r in  each  specimen (w^, w3 an^ wg r e s p e c t iv e ly ) .
(b ) the r e l a t iv e  d e n s i t i e s  o f the  co arse  ag g re g a te , f in e  aggreg­
a te ,  f i l l e r  and b in d e r used (S^, $2 , and r e s p e c t iv e ly ) .
I t  was p o s s ib le  to  c a lc u la te  the  T h e o re tic a l  Maximum R e la tiv e
D ensity  (S ^ .)  o f each specim en, ( i . e .  the  r e l a t i v e  d e n s ity  o f i n
a specimen c o n ta in in g  zero  a i r  v o id s ) ,  and hence, the
P ercen tage  A ir Voids in  the  Mix (V^)
P ercen tage  A ir Voids in  the  M ineral Aggregate (V^)
P ercen tage  Voids F i l le d  w ith  B inder (V „).r
N.B. Where the  w a ter a b so rp tio n  o f the  agg regate  i s  17. o r g r e a te r ,  
the  mean between the  A pparent R e la tiv e  D ensity  and th e  R e la tiv e  
D ensity  on an oven-dry  b a s is  i s  used in  the  c a lc u la t io n  o f S ^ ,  
o therw ise  Apparent R e la tiv e  D ensity  i s  used .
The form ulae used in  the  c a lc u la t io n  a re  g iven  in  ta b le  21.
For a m ix ture  com prised (a s  in  4 .6 .2 . )
WST 0.0 grams
ws = 780.2 grams (Sand A)
WF = 124.8 grams (Lim estone d u s t)
WB 95.0 grams
WM = 1000.0 grams
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TABLE 21
Formulae used in  D ensity  - Voids D eterm inations
Specimen volume (B) = W - 
R e la tiv e  d e n s ity  (S^) = W/B
Compacted A ggregate D ensity  (S .)  = S., x  (100-w_.)A  M. D
100
T h e o re tic a l  Maximum R e la tiv e  D ensity  (S ^ .)i r l
100
^1 , ^2 w3 
S1 2 3 B
P ercen tage  A ir Voids in  M ixture (V^)
= (s - s )(_Tg M} x  1()0
( TH- )
Percen tage  A ir Voids in  the  M ineral Aggregate (V )
= VM +  [ WB X SMj 
( SB )
P ercen tage  A ir Voids F i l le d  w ith  B inder (V„)i?
the  7,age by mass o f each c o n s t i tu e n t  can be c a lc u la te d
w2 = 78(3*2 x  100 = 78.027o
1 0 0 0 .0
and lik ew ise  w, = 12.487, and w_ = 9.57,.
J  JO
I f  frcm  w eighings W = 998.1 grams
and = 472.0  grams
th en  B = 998.1 - 472 .0  = 526.1 ml
hence S = 998.1 = 1.897 glm l
526.1
S = 1.897 x  ( 100 - 9 .5 ) = 1.717 glm l
A 100
The r e l a t i v e  d e n s i t ie s  o f the  c o n s t i tu e n ts  are  (see  4 .3 .2 . ,  4 .4 .2 .  
and 4 .5 )
S« = 2.62 (W ater A bsorp tion  = 1.47,, hence R e la tiv e  D ensity  
used = 2.57 + 2.66 = 2 .62)
2
S3 = 2 .70 and S = 1.03
hence S_. = _________ 100__________ = 2.292 glm l
1 78.02 12.48 9 .5
2.62 + 2 .70 + 1.03
and V = (2 .292  -  1 .897) x 100 = 17.2 %
( 2.292 )
V. = 17.2 +  (9 .5  x 1 .897) = 34.7 %A (-----0 3 ------)
Vt? = ( 9 .5  x 1 .8 9 7 ) x 100 = 50 .4  7,
(34 .7  x 1.03 )
5 .3 .7  D eterm ination  o f S t a b i l i t y  and Flow
The method o f d e te rm in a tio n  used in  the  p a s t  and favoured  by B .S . 
594 (1973) u t i l i s e s  an e l a s t i c  p rov ing  r in g  in s e r te d  betw een the  
t e s t  head and the  t e s t in g  machine c ro ssh ead , to  measure th e  fo rc e  
on the  specim en, and a s u i ta b le  d ia l-g a u g e  mounted on (o r  h e ld  
in  c o n ta c t w ith ) the  t e s t  head so as to  enab le  the  measurement
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of d e fo rm atio n . The n e c e s s i ty  to  determ ine the  maximum fo rce  
( S t a b i l i t y )  and the  defo rm ation  a t  maximum fo rce  (Flow) e n t a i l s  
the  sim ultaneous read in g  o f two d ia l-g a u g e s , a t  the  in s ta n t  m axi­
mum fo rce  i s  reach ed . Although the use o f a p roving r in g  f i t t e d  
w ith  a "d ea d -b e a t” d ia l-g a u g e  f a c i l i t a t e s  a cc u ra te  measurement 
o f maximum fo rc e , when i t  comes to  d ec id in g  when t h i s  i s  reach ed , 
and to  making the  subsequent defo rm ation  measurem ent, t o t a l  r e l ia n c e  
i s  p laced  upon human judgem ent and r e a c t io n .  F u r th e r , i f  any 
r e s u l t s  appear su sp e c t, th e re  i s  no reco rd  o f the  t e s t  o th e r  than  
the  reco rded  gauge re a d in g s , and, th e r e f o r e ,  no means of checking  
back. In  th e  au tho r*s o p in io n  th e se  a re  a re as  where th e  accuracy  
and r e l i a b i l i t y  o f the  method come in to  q u e s tio n . I t  was, th e r e ­
fo r e ,  decided  to  c o n s id e r  a l t e r n a t iv e  methods o f c a r ry in g  ou t 
th e se  d e te rm in a tio n s , w ith  a view to  o b ta in in g  in c re a se d  s im p l ic i ty ,  
accuracy  and r e l i a b i l i t y .
One such a l t e r n a t iv e  was th a t  used by Colebourn, whereby,
fo rce  and th e  co rrespond ing  defo rm ation  were m easured c o n tin u o u s ly
u s in g  a Load C e ll and D isplacem ent T ransducer r e s p e c t iv e ly .
By feed in g  the  o u tp u t s ig n a ls  from each  to  an X - Y p l o t t e r  a
Force v s . D eform ation curve was produced fo r  each  t e s t .  The
p o in t o f maximum fo rce  i s  c l e a r ly  d e fin ed  on th e  g raph , and once
lo c a te d , v a lu es  o f maximum fo rce  ( S t a b i l i t y )  and d efo rm ation  a t
maximum fo rce  (Flow) can be a c c u ra te ly  determ ined , knowing the
c a l ib r a t io n  o f the  m easuring d e v ic e s . However, d e sp ite  the
in c re a se d  accu racy , r e s u l t in g  from the  rem oval o f human f a c to r s
and reco rd  o b ta in ed  f o r  each t e s t ,  the a u th o r c o n s id e rs  t h i s  system
to  be complex from the p o in t of view of the  e le c t r o n ic s  re q u ire d
and a lso  env isaged  problems a s s o c ia te d  w ith  the  s e t t in g  up and
zero in g  o f in s tru m e n ts , p a r t i c u la r ly  the tra n s d u c e r , p r io r  to
each  t e s t .  With a d e s ire  to  reduce the  com plex ity , t h i s  method
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was r e je c te d  in  favour of th a t  o u tl in e d  below.
The system  adopted (p la te  3 a ) , u t i l i s e d  a 5 to n  (50kN) c a p a c ity
NCB/MRE Compression Load C e ll (Model No. 4 0 3 ) , ^ ^ ^  su p p lied  by
W. H. Mayes and Son (W indsor) L im ited , to  measure co n tin u o u s ly
the  fo rce  being  a p p lie d  to  the  specim en. This was powered by
a 10 v o l t  D.C. s t a b i l i s e d ,  in p u t v o ltag e  supply  and the  o u tp u t
was connected to  a s in g le  pen R ikadenki C hart Recorder (model 
/ 1 9 2 )no. B18H), su p p lied  by T.E.M. Sale L im ited , Crawley. Both
in p u t and o u tp u t co n n ec tio n s  were made v ia  th e  same lead  and 6 
p in  co n n ec to r. To f a c i l i t a t e  m easurem ent, the  Load C e ll was 
r i g i d ly  h e ld  between th e  t e s t in g  machine crosshead  and th e  t e s t  
head by means o f the  assem bly shown in  f ig u re  7. As th e  t e s t  
head i s  d riv e n  a g a in s t  th i s  assem bly, th e  fo rc e  e x e r te d  i s  meas­
ured by the  Load C e ll and a Force v s . Time curve produced by the  
C hart R ecorder (see  f ig u re  8 ) .  The in s e r t io n  o f a 20 mm d ia m e te r , 
b a l l  b ea rin g  between the  te s th e a d  and the  lower lo c a t in g  p la te  
o f the  support assem bly, ensured  th a t  fo rce  was t r a n s f e r r e d  to  
the  Load C e ll w ith o u t e c c e n t r i c i t y .  The C hart R ecorder was 
c a l ib r a te d  such th a t  a f u l l  s c a le  d e f le c t io n  ( f . s . d . )  on the  v e r ­
t i c a l  s c a le  o f the c h a r t ,  corresponded to  maximum o u tp u t v o lta g e  
from the  Load C e l l ,  in  tu rn  co rrespond ing  to  an a p p lie d  fo rc e  
o f 50, 25 o r 12.5 kN, as re q u ire d .
N.B. The•procedure fo r  c a l ib r a t in g  the  re c o rd e r , in c lu d in g  a 
w irin g  diagram  i s  g iven  in  Appendix B.
The in s ta n t  o f maximum fo rce  i s  c le a r ly  d e fin ed  on the  c h a r t  and 




3 - Load Cell
b :  Load Ring
PLATE 3




















applied b y  
Testing M a c h i n e
£fl_j_disfranctr-representing—deformation at j maxTmnnrforcE
Maximum—Force
1 1 1
R ecorder c a l ib r a te d  such th a t  f . s . d .  = 12.5 kN
i . e .  1 inch  on c h a r t  = 1.25 kN
D istance re p re se n tin g  maximum fo rce  (SD), see f ig u re  8 
= 5.25 inches (e s tim a te  second decim al p la ce )
hence Maximum fo rce  (measured s t a b i l i t y )
= ' 5 .25 x 1.25 = 6.56 kN.
A c o r re c t io n  i s  th en  made fo r  v a r ia t io n  in  specimen volume, in  
accordance w ith  ta b le  12, B .S . 594.
I f  volume (B) = 525.9 ml
c o r re c t io n  f a c to r  ( ta b le  12, B .S. 594) = 0.97
hence C orrec ted  S t a b i l i t y  (S) = 0.97 x  6.56 = 6.36 kN.
Assuming th a t  the  t e s t in g  machine a p p lie s  load a t  a c o n s ta n t- r a te  
o f s t r a i n  o f 50.8  mm/min, th en  when a c h a r t  speed o f 60 cm/min 
i s  used , each cm on the  c h a r t  (h o r iz o n ta l  s c a le )  re p re s e n ts  
(50 .8  t 60 ), 0.847 mm of ram movement. As the  Load C e ll i s  c*lwtosV 
t o t a l l y  s t i f f ,  t h i s  ram movement i s  e q u iv a le n t to  de fo rm ation  
o f the  specimen a lo n e , and i t  i s ,  th e re fo re ,  p o s s ib le  to  determ ­
ine the Flow value from a c h a r t  re c o rd in g  produced under such 
c o n d itio n s , as fo llo w s .
D istance  from the  p o in t where the  curve leav es  the  z e r o - l in e  o f 
the  c h a r t  to  a p o s i t io n  co rrespond ing  to  maximum fo rce  (FD), see 
f ig u re  8 = 8 .54  cm (e s tim a te  second decim al p la ce )
hence Flow (F) = 8 .54  x  0.847 = 7 .2  mm.
This method of de term in ing  Flow r e l i e s  on the  f a c t  th a t  th e  t e s t ­
ing machine a p p lie s  load a t  a known, c o n s ta n t- r a te  o f s t r a i n  and 
th a t  the  c h a r t  moves a t  a known, c o n s ta n t r a t e .  I t  was, th e r e ­
fo r e ,  n ece ssa ry  to  a s c e r ta in  i f  th i s  was the  c a se . The c h a r t
1 1 2
speed was determ ined by tim ing  i t s  movement over s e v e ra l 10 second
p e rio d s  and the  average was compared w ith  the speed s e t t in g  on
th e  re c o rd e r .  The speed determ ined in  th i s  manner was found
to  be 60 cm/min and c o n s ta n t. The load in g  ra te  was determ ined
by f irm ly  clam ping a d ia l-g au g e  in  c o n ta c t w ith  the  ram of the
te s t in g  machine and re c o rd in g  the  d is ta n c e  moved w ith  re s p e c t
to  tim e . An i n i t i a l  p e rio d  o f "machine tak e-u p "  a f t e r  sw itch in g
on was d isco v e re d , bu t a f t e r  about 2 seconds the  ram was found
to  move a t  a c o n s ta n t r a t e ,  s e v e ra l  read in g s  in d ic a te d  t h i s  to  
+ +be 50.8  mm/min ( 0 .2  mm/min, _0.4?0) . R epeating th i s  p ro c e d u re .. 
w h ils t  t e s t in g  a specim en, in d ic a te d  th a t  th e  lo a d in g -ra te  rem­
ained  unchanged and c o n s ta n t d u ring  t h i s  o p e ra tio n . This being  
so , the au th o r co n sid e red  the  p re v io u s ly  d e sc rib e d  method as being  
v a l id  fo r  the  d e te rm in a tio n  o f Flow.
N.B. A gap o f about 3 - 4 mm was l e f t  between the  b a l l  b e a r in g  
and th e  lower lo c a t in g  p la te  on commencement o f t e s t i n g ,  thus 
a llow ing  fo r  "machine tak e-u p "  p r io r  to  any rec o rd in g  being  made.
This t e s t in g  p rocedure was developed to  en ab le  the  t e s t in g  o f 
24 specim ens, and a p a r t  from th e  t e s t  method i t s e l f ,  the  d e te r ­
m in a tio n s  were made in  accordance w ith  B .S. 594, s e c t io n  3 .4 .2 .8 .  
In  a d d it io n , to  S t a b i l i t y  and Flow, a param eter r e f e r r e d  to  as 
M arshall Q uotien t (Q) was a lso  c a lc u la te d  as fo llo w s :
M arshall Q uo tien t (Q) = C o rrec ted  S t a b i l i t y
Flow
= 6.36 = 0.88 kN/mm.
7.2
A v a r ia t io n  on the  method d esc rib ed  was used in  p a r t  o f the  in v e s ­
t ig a t io n  (see  c h a p te r  6 ) , th i s  invo lved  re p la c in g  the  Load C e ll
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( 193 )w ith  a 10 kN c a p a c ity  Load Ring, f i t t e d  w ith  a D isplacem ent
(194)T ransducer, 7 su p p lied  by Sangamo W estern C o n tro ls  L im ited
(p la te  3 b ). As fo rce  was ap p lied  to  the  specimen the  deform a­
t io n  o f the  Load Ring was measured co n tin u o u s ly  by the  tra n sd u c e r  
whose o u tp u t s ig n a l  was fed  to  the  C hart R ecorder. Knowing 
th e  c a l i b r a t io n  o f the  Load Ring and T ransducer, the  tra c e  prod­
uced what could  be in te r p r e te d  as a Force v s . Time cu rv e , and 
S t a b i l i t y  cou ld  be c a lc u la te d  as fo r  the  Load C e ll system .
In  de term in ing  Flow, i t  must be remembered, th a t  in  ap p ly ing  th e  
same tech n iq u es  as b e fo re , p a r t  o f the  t o t a l  defo rm ation  m easured 
i s  due to  the  defo rm ation  o f the  Load R ing. However, knowing 
th e  c a l i b r a t io n  o f the  Load Ring and the  maximum fo rc e , i t  i s  
p o ss ib le  to  c a lc u la te  the  amount o f Ring defo rm ation  and s u b tr a c t  
i t  from th e  t o t a l  defo rm ation  to  o b ta in  Flow.
5 .3 .8  G eneral C o n sid e ra tio n s
The r e l i a b i l i t y  o f the  m anufacturing  and t e s t in g  p ro ced u res , depends 
to  a g re a t  e x te n t  on the  equipm ent used , and i t ,  was th e r e f o r e ,  
co n sid e red  n e cessa ry  to  c a r ry  ou t p e r io d ic  checks on th e  fo llo w in g : 
Balances
Oven and w a te rb a th  tem peratu re  c o n tro ls  
Compactor -  h e ig h t o f d rop , r a te  o f blow s, c o u n te r '
Load C e ll c a l ib r a t io n
&T estin g  machine - load ing  ra te
R ecorder - c h a r t  speed*'
^  .  .i t  was co n sid e red  d e s ira b le  and f e a s ib le  to  check th e se  p r io r
to  each t e s t  ru n .
When i t  came to  c a r ry in g  out M arshall T es ts  a t  E.R.C.A. i t  was 
co n sid ered  d e s i r a b le ,  from the p o in t o f view o f r e p r o d u c ib i l i ty ,
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to  d u p lic a te  as f a r  as p o s s ib le  the  equipm ent and o p e ra tin g  p ro ­
cedures used in  S h e f f ie ld . In  p a r t i c u l a r ,  d u p lic a t io n  o f the  
fo llo w in g  was co n sid e red  e s s e n t i a l :
Compaction Moulds 
Compactor
M easuring system  - Load C e ll and C hart R ecorder.
O pera ting  p rocedu res (see  f ig u re  B .1 .2 . Appendix B ). 
and was s u c c e s s fu lly  accom plished.
In  o rd e r to  speed up th e  c a lc u la t io n  o f specim en p ro p e r t ie s  and 
to  remove e r r o r s ,  a computer program (MARSHL) was w r i t t e n  f o r  
th i s  pu rpose . F u ll  d e t a i l s  o f t h i s ,  in c lu d in g  sample p r in to u t  
a re  g iven  in  Appendix A.
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5 .4  The In d ir e c t-T e n s i le  T est
5 .4 .1  In tro d u c t io n :
At the  o n se t o f t h i s  in v e s t ig a t io n ,  no re c o g n ise d , s tan d a rd  t e s t  
method fo r  th e  d e te rm in a tio n  o f the  In d ir e c t-T e n s i le  S tren g th  
o f Bituminous m ix tu res  e x is te d  and i t  was, th e re fo re ,  n ece ssa ry  
to  develop equipm ent and p rocedures to  f a c i l i t a t e  t h i s .  In  
doing so , re fe re n c e  was f i r s t  made to  the  l i t e r a t u r e  ( 2 .2 .3 ) ,  
which in d ic a te d  th a t  s e v e ra l  methods ( ta b le  9) had been su c c e ss ­
f u l l y  ap p lie d  to  t h i s  end in  the  p a s t .  Of the  a v a ila b le  in fo rm a tio n , 
th a t  o r ig in a tin g  from the  C enter fo r  Highway R esearch , U n iv e rs ity  
o f Texas a t  A ustin  was co n sid e red  by the  a u th o r to  be o f most 
u se . In  p a r t i c u l a r ,  r e s u l t s  re p o rte d  by Hudson and K ennedy,(98)(104) 
concern ing  the  a p p l ic a t io n  o f th i s  t e s t  method to  A sp h a ltic  C oncrete 
and in c lu d in g  an e v a lu a tio n  o f c e r t a in  f a c to r s  (m entioned in  2 .2 .5 )  
which were shown to  have an e f f e c t  upon the  r e s u l t s  o b ta in ed  were 
of g r e a te s t  a s s is ta n c e .  With a d e s ire  to  exclude any s im ila r  
programme o f e v a lu a tio n  from the  p re se n t in v e s t ig a t io n ,  on the  
grounds o f th e  time in v o lv ed , i t  was decided  to  develop a t e s t in g  
procedure based upon the  recommendations o f Hudson and Kennedy.(9 8 )(1 0 4 ) 
These recommendations were as fo llo w s :
1. Specimen s iz e  should be as la rg e  as p o s s ib le .
2. S te e l load ing  s t r i p s  should be u sed .
3 . 25 mm (1 in ch ) wide load ing  s t r i p s  should be used .
4 . Loading r a te  o f 50.8  mm/min (2 in /m in ) to  be u sed .
5 . T est tem pera tu re  24 -  25°C, to  be u sed .
O5 .4 .2  T est Specim ens:
As m entioned p re v io u s ly  ( 2 .2 .5 .3 ) ,  from the  p o in t o f view o f r e ­
ducing the  s c a t t e r  o f in d iv id u a l t e s t  r e s u l t s  about the  mean v a lu e ,
116
i t  i s  d e s ira b le  to  use specim ens th a t  a re  as la rg e  as p r a c t ic a b le ,
w ith  152.4 mm d ia  x 2Q3.2 mm long (6 in  x  8 in )  being  suggested  
' zoo)as s u i ta b le .  However, having g iven  t h i s  due c o n s id e ra t io n ,
the  au th o r decided  to  use sm a lle r specim ens, 101.6 mm d ia  x 63.5 mm 
(4 in  x 2 .5  i n ) ,  compacted u sin g  the  M arshall au tom atic  com pactor 
(50 blows p er f a c e ) ,  fo r  the  fo llo w in g  re a so n s :
1. The equipm ent re q u ire d  was a lre a d y  a v a i la b le .
2. An e f f i c i e n t  o p e ra tin g  procedure fo r  m ixing and com paction 
had a lre a d y  been developed .
3. The use o f la rg e r  specim ens would e n t a i l  the developm ent o f 
a l t e r n a t iv e  com paction equipm ent and p ro ced u res .
4 . M arshall specim ens had been s u c c e s s fu l ly  used and indeed  favoured  
by o th e r  w o rkers(3 9 )(6 4 )(9 8 )(1 0 2 )(1 0 3 )(U 5 )  ^  ^  pasfc_
5 . The most im portan t c o n s id e ra tio n  however was th e  in te n t io n  
to  c o r r e la te  M arshall and I n d i r e c t - t e n s i l e  t e s t  r e s u l t s .
By u sin g  id e n t i c a l  m ixing and com paction p rocedures fo r  bo th  t e s t s ,  
the  r e s u l t in g  specimens (o f g iven  co m p o sitio n ), te s te d  by bo th  
methods should be nom inally  id e n t i c a l  from th e  p o in t o f view o f 
d e n s ity , p a r t i c l e  o r ie n ta t io n ,  e tc ^  th u s  f a c i l i t a t i n g  a d i r e c t  
com parison between the r e s u l t s  o b ta in ed  w ith  t e s t  method being  
the  on ly  v a r i a b le .
For the  purposes o f t h i s  in v e s t ig a t io n ,  th e re fo re ,  the  c o n s t i tu e n t  
m a te r ia ls  were p rep a red , mixed and compacted in to  t e s t  specim ens 
u sin g  th e  p rocedures developed during  i n i t i a l  work w ith  th e  M arsh a ll 
t e s t ,  see 5 .3 .2  and 5 .3 .3 .  The h e ig h t (H) o f each  compacted 
specimen was determ ined using  the  method d e sc rib ed  in  5 .3 .4 ,  and
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d e te rm in a tio n s  made to  enab le  the  c a lc u la t io n  o f the  d e n s ity  and 
a i r  void c o n ten t o f each specim en, see 5 .3 .5 .
5 .4 .3  D eterm ination  o f In d ir e c t-T e n s i le  S tre n g th :
In  the  absence o f any s u i ta b le  a l t e r n a t iv e  i t  was found n e ce ssa ry  
to  use th e  M arshall t e s t in g  machine to  app ly  load to  specim ens 
under t e s t ,  in  doing so the  recommended load ing  r a te  o f 50.8  mm/min 
was ach iev ed . However, in  u s in g  t h i s  equipm ent, c e r t a in  m ajor 
m o d if ic a tio n s  were re q u ire d  to* perm it the  a p p l ic a t io n  o f load 
to  specimens v ia  25 mm w ide, s t e e l  load ing  s t r i p s  which rem ained 
e s s e n t i a l l y  p a r a l l e l  d u ring  t e s t i n g .  In  d esig n in g  th e se  m o d if i­
c a t io n s ,  s e v e ra l  o th e r  f a c to r s  had to  be co n sid e red  a t  the  same 
tim e :
1. The requ irem en t to  measure the  fo rce  e x e r te d  on th e  specim en
a t  f a i l u r e  and the  v e r t i c a l  defo rm ation  undergone by th e  s p e c i-  • 
men a t  f a i l u r e .
2 . The re c o rd in g  equipm ent a v a ila b le  to  f a c i l i t a t e  such m easurem ents.
3 . The s iz e  o f specim ens, i n i t i a l l y  101.6 mm d ia  x  63.5 mm, bu t 
l a t e r  th e  use o f la rg e r  specimens (152 .4  mm d ia )  was en v isag ed .
4 . The requ irem en t to  lo c a te  specim ens c e n t r a l l y  p r io r  to  t e s t .
5 . T est te m p e ra tu re .
I n i t i a l  c o n s id e ra tio n  was g iven  to  m odifying the  M arsha ll t e s t -  
head, re p la c in g  th e  curved jaws by a system  su p p o rtin g  th e  lo ad in g  
s t r i p s  and a llow ing  the  upper s t r i p  to  move in  the  same way as 
the  upper jaw o f the  o r ig in a l  te s th e a d . With the  specim en in  
p la c e , te s t in g  and reco rd in g  could  th en  be accom plished in  the  
same manner as th a t  developed fo r  the M arshall t e s t .  T his s o l ­
u t io n  was, however, r e je c te d  fo r  a number o f re a so n s , in c lu d in g
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a n t ic ip a te d  d i f f i c u l t i e s  in  c e n te r in g  specimens p r io r  to  t e s t  
and problems in  ex ten d in g  the  method to  specimens la rg e r  th an
101.6 mm d ia .
A fte r  c a r e fu l  c o n s id e ra t io n , the  f i n a l  d esig n  o u tlin e d  below was 
chosen . M o d ifica tio n s  were made to  th e  t e s t in g  machine i t s e l f ,  
th u s  en ab lin g  a r ig i d  system  to  be d esig n ed , w h ils t  p ro v id in g  
ample room to  p erm it the  c e n te r in g  o f specimens p r io r  to  t e s t ,  
and a llow ing  fo r  la rg e r  specim ens to  be accommodated. The modi­
f ie d  equipm ent i s  i l l u s t r a t e d  in  f ig u re  9 and p la te  4 ( a ) .
The s t e e l  lo ad ing  s t r i p s ,  25 mm wide x 12 mm deep a re  supported  
c e n t r a l l y  on two r i g i d ,  s t e e l  cross-m em bers, p rovided  w ith  s u i ta b le  
h o le s  to  a llow  them to  s l id e  over th e  v e r t i c a l  su p p o rts  o f th e  
t e s t in g  m achine. The upper cross-m em ber i s  clamped f irm ly  in  
p o s i t io n  by means o f 2 grub screw s. To ensure  t h i s  member rem ains 
r ig i d  during  t e s t i n g ,  s t e e l  sp ace rs  are  p laced  over the  v e r t i c a l  
t e s t in g  machine su p p o rts , between t h i s  member and the  upper c ro s s ­
head o f the  t e s t in g  m achine, the  number o f sp ace rs  used depends 
on th e  d iam eter o f the  specimen under t e s t .  The lower c r o s s ­
member i s  prov ided  w ith  phosphor-bronze bushes to  p erm it i t  to  
move w ith o u t " f r i c t i o n '’ up and down th e  v e r t i c a l  su p p o rts  o f the  
t e s t in g  m achine. In s e r te d  between t h i s  member and the  t e s t in g  
machine p la te r n  i s  a load c e l l  lo c a te d  by means o f a screw  which 
s tan d s  proud o f the  p la te r n  and lo c a te s  i t s e l f  in  th e  base o f 
the  load c e l l .  The load c e l l  i s  connected  v ia  a lead  to  a s t a b i l ­
is e d  v o lta g e  supp ly , d i g i t a l  v o ltm e te r  and c h a r t  re c o rd e r ,  a l l  
o f which a re  as d e sc rib ed  in  r e l a t i o n  to  the  M arshall t e s t ,  and 
a l l  are  connected  and c a l ib r a te d  in  the  same way.
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a  : Testing Frame
b -a Centring of Specimen
PLATE 4
1 2 1
In  o rd e r to  c e n tre  specimens p r io r  to  t e s t ,  numbers a re  prov ided  
on the  lower load ing  s t r i p ,  (ze ro  a t  the  c e n tr e ,  in c re a s in g  outw ards 
a t  h. inch  in t e r v a l s ) ,  and by refe rring  to  th e s e , specimens can 
be lo c a ted  c e n t r a l l y  w ith  re s p e c t to  t h i s  s c a le .  To f a c i l i t a t e  
c e n tr in g  in  a d i r e c t io n  p e rp e n d ic u la r  to  t h i s ,  the  system  i l l u s ­
t r a te d  in  p la te  4 (b ) was u sed . A s u i ta b ly  dim ensioned sup p o rt 
and backstop  arrangem ent was prov ided  on bo th  th e  upper and lower 
cross-m em bers such th a t  when the  s t e e l  c e n tr in g  p la te  was in s e r te d  
and p o s itio n e d  a g a in s t  the  b ack s to p s , and a specimen h e ld  in  c o n ta c t 
w ith  i t  (as  in  p la te  4 b ) ,  th e  specim en was th en  c e n t r a l  w ith  
r e s p e c t  to  th e  lo ad ing  s t r i p s . The arrangem ent a llow s fo r  the
p la te  to  rem ain in  p o s i t io n  u n t i l  load i s  being  tak en  by the  specim en, 
a t  which p o in t ,  i t  can be removed. Thus c e n tr in g  can be ach ieved  
w h ils t  le av in g  a sm all gap between the  specimen and th e  upper 
load ing  s t r i p ,  thus a llow ing  s u f f i c i e n t  tim e fo r  machine tak e-u p  
to  occur p r io r  to  any re c o rd in g  being  made, (a s  in  th e  M arsha ll 
t e s t ) .
P r io r  to  t e s t ,  specimens were b rought to  a tem peratu re  o f  25°C 
by p la c in g  them in  a th e rm o s ta t ic a l ly  c o n tro l le d  w a te r -b a th  fo r  
a t  l e a s t  45 m in u tes . Using the  se t-u p  p re v io u s ly  d e sc r ib e d , 
i t  i s  n o t p o s s ib le  to  b rin g  any o f th e  equipm ent to  t e s t  tem pera­
tu re  p r io r  to  t e s t i n g .  However, as the  t e s t  tem p era tu re  (25°C) 
was on ly  s l i g h t l y  above norm al room te m p e ra tu re , the  au th o r c o n s id ­
e re d  t h i s  to  be unnecessary  prov ided  t e s t in g  was c a r r ie d  o u t as 
q u ick ly  as p o s s ib le .
Having p re v io u s ly  c a l ib r a te d  the  re c o rd in g  equipm ent (see  Appendix 
B), each  specimen was in  tu rn  c e n tre d  between the  lo ad in g  s t r i p s ,
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leav in g  a gap o f approx im ate ly  4 mm between the specimen and the 
upper load ing  s t r i p .  The te s t in g  machine was sw itched on, and 
as soon as load was being  tak en  by th e  specim en, the  c e n te r in g
p la te  was removed. The fo rce  being  e x e r te d  was m easured c o n t in ­
uously  by the  load c e l l  and a Force v s . Time graph produced by 
the  c h a r t  re c o rd e r . When the  specim en f a i l e d ,  the  t e s t in g  mach­
ine  was sw itched o f f ,  th e  specimen unloaded and the  o p e ra tio n s  
rep ea ted  as q u ick ly  as p o ss ib le  u n t i l  a l l  specimens had been t e s t e d .
A ty p ic a l  Force v s . Time graph i s  shown in  f ig u re  10. Knowing 
the  c a l i b r a t io n  o f the  equipm ent, th e  fo rce  a t  f a i lu r e  can  be 
determ ined in  th e  same manner as in  th e  M arshall t e s t .
C a lib ra te d  fo r  f u l l  s c a le  d e f le c t io n  = 12.5 kN 
1 in  on c h a r t  = 1.25 kN
D istance on c h a r t  re p re se n tin g  maximum fo rce  (SD)
= 6.55 inches (see  f ig u re  10)
Maximum fo rce (P ) = 1.25 x  6.55 = 8 .19  kN
hence, knowing th e  dim ensions o f the  specim en, the In d ir e c t - T e n s i le  
S tren g th  ( I .T .S . )  can be c a lc u la te d :
Diam eter (D) = 101.6 mm 
H eight (H) = 63.2 mm
I .T .S .  = 2P  = 2 x 8 .19xl03 = 0.812 N/mm2
TfDH 3.142x101.6x63.2
The v e r t i c a l  defo rm ation  undergone by the specimen a t  f a i l u r e  
(AD) was determ ined from the  c h a r t  re c o rd in g , in  a manner i d e n t i c a l  
to  th a t  by which M arshall Flow was de term ined , i . e .  assuming a 
c o n s ta n t r a te  of ram movement (50 .8  mm/min), a c o n s ta n t r a te  of
123
-*----
S D  : distance representing
i fetormatinn a t i ai
— + - -
- r
124
c h a r t  movement (60 cm/min) and th a t  a l l  defo rm ation  i s  th a t  o c c u r r ­
ing  w ith in  the  specim en, th en  1 cm of h o r iz o n ta l  c h a r t  movement 
co rresponds to  0.847 mm of v e r t i c a l  defo rm ation  o f th e  specim en, 
th en :
D istance re p re se n tin g  defo rm ation  a t  maximum fo rce  (FD)
= 3.25 cm (see  f ig u re  10)
V e r t ic a l  defo rm ation  a t  f a i l u r e  (AD) = 0.847 x 3.25 = 2 .8  mm
Also determ ined was a param eter r e f e r r e d  to  by the au th o r as T e n s ile
Q uotien t (T ), which a f t e r  F r a n c k e n , i s  d e fin ed  as th e  r a t i o
of h o r iz o n ta l  t e n s i l e  s t r e s s  ( I .T .S . )  to  v e r t i c a l  d ia m e tra l s t r a i n
(AD/D) over the  same d ia m e tra l p lane a t  f a i l u r e :
= 2P = 2x8.19x10^ = 29.5 N/mm^
1JADH 3.142x2.8x63.2
To a s s i s t  w ith  c a lc u la t io n s  a com puter program (SPLIT) was w r i t t e n  
and used fo r  th i s  pu rpose , f u l l  d e t a i l s  and sample o u tp u t a re  
g iven  in  Appendix A.
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5.5  The W heel-Tracking T est
5 .5 .1  In tro d u c tio n
I t  was n e cessa ry  to  d esig n  from s c ra tc h  the  equipm ent re q u ire d  
to  compact and t e s t  specimens by th i s  method. I n i t i a l  re fe re n c e  
was made to  the  l i t e r a t u r e  ( 2 .2 .4 ) ,  b u t du ring  the  e a r ly  fo rm u la tio n  
o f a d esig n  most a s s is ta n c e  was gained  from v i s i t s  to  2 e s t a b l i s h ­
ments having o p e ra t io n a l  f a c i l i t i e s  o f t h i s  k in d , to  T .R .R .L . 
where the  o r ig in a l  t e s t ^ ^  o f th i s  type was developed , and to
SHELL, Thornton R esearch C en tre , whose A sphalt Compaction and
(43)T rading (A .C .T .) machine was a more re c e n t developm ent of 
the o r ig in a l  d e s ig n . Based upon the  in fo rm atio n  gained  from 
see ing  and d isc u ss in g  th e se  p ie ce s  o f equipm ent, the  fo llo w in g  
d esig n  c r i t e r i a  were e s ta b l is h e d :
1. The aim was to  develop a s in g le  m achine, capab le  o f com pacting 
and te s t in g  specim ens, 305 x 305 x 50 mm in  s iz e ,  s im ila r  in  n a tu re  
to  the  A.C.T. m achine. The au th o r co n sid e red  i t  d e s ir a b le  from
a p r a c t ic a l  p o in t o f view to  c o n ce n tra te  e f f o r t  on a s in g le  p iece  
o f equipm ent r a th e r  than  d iv id e  a t t e n t io n  by develop ing  s e p a ra te  
m achines fo r  com paction and t e s t i n g .
2. The machine was to  be o p e ra ted  by a h y d ra u lic  system  as t h i s  
was co n sid ered  n e cessa ry  in  o rd e r to  cope w ith  the  h ig h  a p p lie d  
lo a d s , p a r t i c u la r ly  during  the  com paction o p e ra tio n .
3. The machine was to  be housed in  a s e lf - c o n ta in e d , in s u la te d  
c a b in e t w ith  a f a c i l i t y  to  c o n tro l  the tem peratu re  o f th e  i n t e r i o r  
du ring  t e s t i n g .
4 . Recording o f the  r u t  dep th  during  th e  t e s t  was to  be co n tin u o u s 
and accom plished by means o f a d isp lacem en t tra n sd u c e r  and c h a r t  
re c o rd e r  s e t  up.
5. The t e s t  c o n d itio n s  were to  be those  used by T .R .R .L ., nam ely:
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S o lid -ru b b e r ty re d  w heel, 203.8 mm d ia  x  50.8 mm w ide,
hardness = 80 (Dunlop s c a le ) ,  as used in  the Immersion Wheel
T racking t e s t . ^ ^
Load on wheel = 525 N producing
?C ontact s t r e s s  = 520 - 560 kN/m 
D istance of t r a v e l  = 250 mm 
Speed = 42 p asses  per m inute 
Tem perature = 45°C.
I t  was, however, co n sid e red  d e s ira b le  to  have the  f a c i l i t y  to  
vary  th e  above c o n d itio n s  and, th e re fo re ,  the  f i n a l  d e sig n  was 
re q u ire d  to  in c o rp o ra te  th e  a b i l i t y  to  do so .
5 .5 .2  D e sc rip tio n  o f A p p ara tu s:
The f i n a l  d e sig n , based to  a la rg e  e x te n t  upon the SHELL A .C.T. 
m achine, b u t in c o rp o ra tin g  c o n s id e ra b le  m o d if ic a tio n  and r e f in e ­
m ent, i s  shown in  f ig u re  11 and p la te  5 .
The e s s e n t i a l  f e a tu re s  a re ;  a 305 mm sq u are , s t e e l  mould, b o lte d  
to  a 12 mm th ic k  s t e e l  ta b le ,  as a means o f p ro v id in g  a l l- ro u n d  
su pport fo r  specimens a t  a l l  tim e s . The mould i t s e l f  i s  a 4 
p iece  assem bly, h e ld  to g e th e r  by b o l t s ,  a llow ing  i t  to  be q u ick ly  
and e a s i ly  d ism an tled  to  f a c i l i t a t e  the  rem oval and p o s i t io n in g  
o f compacted specim ens. A s im ila r  4 p iece  e x te n s io n  assem bly 
can be b o lte d  to  the  top o f the mould f o r  the  com paction o p e ra t io n , 
p ro v id in g  the  e x tr a  volume needed to  c o n ta in  th e  uncompacted m ix tu re  
and a lso  a c t  as a guide to  keep the  r o l l e r  segment in  p o s i t io n .
The ta b le  su p p o rtin g  the  mould i s  prov ided  w ith  4 w heels which
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WHEEL-TRACKING MACHINE PLATE 5
run  on r a i l s  lo ca ted  on top of the main frame of the machine.
The l a t t e r  i s  c o n s tru c te d  of s t e e l  s e c t io n s  welded to g e th e r  and 
b o l te d  to  the  f lo o r  to  provide  a r i g i d  working p la tfo rm  a t  a com­
f o r t a b l e  working h e ig h t .  The ta b le  i t s e l f  can be d r iv e n  to -an d -  
f r o  by means o f  a h y d ra u l ic  c y l in d e r ,  fa s te n e d  to  i t s  u n d e rs id e ,  
and the  speed of t r a v e l  can be a d ju s ted  to  s u i t  req u irem en ts .
The d is ta n c e  of t r a v e l  i s  determ ined by l im i t  sw itches f a s te n e d  
to  the main frame, and " k n o c k -o f f s " 'a t ta c h e d  to  the t a b l e ,  t h i s  
arrangement i s  shown c l e a r l y  in  p la te  5b. By a d ju s t in g  the  
p o s i t io n  of the  "k nock -o ffs"  the  d is ta n c e  of t r a v e l  can be a d ju s te d  
as r e q u ire d .
The main load ing  beam, comprised of a le n g th  of hollow  s t e e l  s e c t io n ,  
i s  supported  a t  one end by 2 b ea r in g s  which a llow  i t  to  p iv o t  about 
t h i s  f ix e d  end. The o th e r  end o f the  beam i s  provided  w ith  
a hanger arrangement on which masses can be p laced  to  prov ide  
the  load re q u ire d  to  achieve compaction. The load ing  beam can 
be r a i s e d  o r  lowered by means o f  a h y d ra u l ic  ram p o s i t io n e d  v e r t i c ­
a l l y  on the  main fram e .
E i th e r  the  r o l l e r  segment (p la t e  6a) o r  s o l id - ru b b e r  ty re d  wheel 
(p la t e  6b) re q u ire d  f o r  compaction and t e s t i n g  r e s p e c t iv e ly  can 
be a t ta ch ed  to  the  load ing  beam by means o f  2 b o l t s  as r e q u i r e d .
The r o l l e r  segment i s  provided w ith  a p a i r  of b ea r in g s  such t h a t  
i t  can f r e e ly  r o t a t e  about i t s  p o s i t io n  on the  beam and the  wheel 
i s  provided w ith  a mounting f o r  a d isp lacem ent t r a n s d u c e r ,  which 
f a c i l i t a t e s  the measurement of r u t  dep th .
The Wheel-Tracking machine i s  enclosed  w i th in  a s p e c ia l ly  c o n s t ru c te d
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tem peratu re  c a b in e t  ( p la t e  7 a ) .  This i s  approxim ately  2 m long 
x 1.5 m wide x 2 m h ig h ,  comprised of a m eta l framework (25 mm 
square "speed-fram e1*), the o u ts id e  of which i s  c lad  w ith  25 mm 
th ic k  sh ee ts  of in s u l a t i n g  m a te r ia l  (20 mm of p o ly s ty ren e  backed 
w ith  5 mm of p l a s t e r  board) and the  e x t e r i o r  i s  faced  w ith  3 mm 
th ic k  plywood, a l l  such m a te r ia l  had been t r e a te d  to  r e s i s t  f i r e .
The c a b in e t  i s  in  a d d i t io n  provided w ith  a wooden f l o o r ,  s l id in g  
door, o b se rv a t io n  window and an e l e c t r i c  l i g h t .
Heating i s  achieved using  a 1.5 kVs/ i n d u s t r i a l  fan  h e a te r  mounted 
on the  w a l l  and the  a i r  in  the  c a b in e t  i s  c i r c u l a t e d  to  ensure  
a r e l a t i v e l y  uniform d i s t r i b u t i o n  of tem p e ra tu re .  To f a c i l i t a t e  
t h i s ,  a i r  i s  removed a t  the  top of the  c a b in e t  by an e l e c t r i c  
pump, c i r c u l a t e d  through a len g th  o f  150 mm d ia  p l a s t i c  pipe and 
re tu rn e d  to  the  bottom of the  c a b in e t .  The tem pera ture  i s  therm­
o s t a t i c a l l y  c o n t ro l le d  such th a t  the  re q u ire d  tem peratu re  i s  main­
ta in e d  a t  the  working h e ig h t  of the  machine. For the  purposes 
o f  t h i s  i n v e s t ig a t i o n  t h i s  was 45 ^  1°C, bu t the  equipment was 
found capable  o f  m a in ta in in g  tem pera tu res  up to  60°C.
The mains e l e c t r i c i t y  supply , h y d ra u l ic  power-pack ( p la t e  7b) 
and reco rd in g  equipment ( p la t e  7c) are  a l l  e x te r n a l  to  the  c a b in e t .  
Hence, a l l  e l e c t r i c i t y  c a b le s ,  t ra n sd u c e r  leads  and h y d ra u l ic  
p ipes  are  taken  ou t of the  r e a r  o f  the  c a b in e t  and connected to  
t h e i r  r e s p e c t iv e  so u rces .  A w a l l  mounted c o n t r o l  box ( p la t e  7c) 
i s  provided so t h a t  once the  machine has been s e t  up, i t  can be 
o pe ra ted  in  s a f e ty  from o u ts id e  the  c a b in e t .
With the appara tus  designed and c o n s tru c te d  i t  was nex t n e ce ssa ry  
to  develop s u i t a b le  o p e ra t in g  procedures  to  f a c i l i t a t e  the  compaction
132
* *9 t Wheel - Tracking Test
B : Temperature Cabinet 
D :  Powerpack




and t e s t i n g  of specimens. As w ith  the  M arshall t e s t ,  an in v e s ­
t i g a t i o n  based upon " t r i a l  and e r r o r "  was undertaken  to  achieve 
t h i s  end.
5 .5 .3  P re p a ra t io n  o f  C o n s t i tu en t  M a te r i a l s :
C o n s t i tu e n ts  were prepared  in  the  same manner, and hea ted  to
the  same tem pera tu res  p r io r  to  m ixing, as de sc r ib ed  f o r  the  M arshall 
t e s t ,  w ith  a couple of e x c e p t io n s .  Due to  the  l a r g e r  specimen 
s i z e ,  10 kg compared w ith  1.2 kg ( a p p ro x . ) ,  i t  was found n ecessa ry  
to  p lace  the  batched agg rega tes  on shallow  t r a y s  r a t h e r  th an  in  
t i n s  and f o r  the  reason  g iven  in  the  nex t s e c t io n ,  2 t r a y s ,  each 
co n ta in in g  i d e n t i c a l  p ro p o r t io n s  o f  each ag g reg a te ,  were r e q u ire d  
f o r  each specimen. In  a d d i t io n  i t  was a lso  n ecessa ry  to  use 
the  l a r g e r  s ized  t i n s  to  c o n ta in  the  in c reased  q u a n t i t i e s  o f  b in d e r  
r e q u i r e d .
N.B. I t  was conside red  n ecessa ry  to  conduct t r i a l  mixes to  d e t ­
ermine the t o t a l  mass of mix re q u ire d  to  produce specimens of 
approximate eq u a l  th ic k n e ss  (approx 50 mm). Although n o t  in v e s ­
t ig a t e d  in  t h i s  s tudy , the  au tho r  conside red  t h a t  la rg e  v a r i a t i o n s  
in  th ic k n e ss  may a f f e c t  the  r e s u l t s  o b ta in e d .
5 .5 .4  Mixing:
In  the  absence o f a s u i t a b le  mixer capable  of combining 10 kg 
of m a te r i a l ,  i t  was decided to  mix each specimen in  2 i d e n t i c a l  
h a lv e s ,  each approx. 5 kg in  mass. This was done us ing  a 15 
l i t r e  c a p a c i ty ,  ^ horsepower, Hobart food mixer (Model No. AE125).
Binder was added to  the  aggregate  in  the same way as d e sc r ib e d  
fo r  the  M arshall t e s t ,  a lthough  i t  was n ece ssa ry  to  use a ba lance  
of 15 kg c a p a c i ty .
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The aggregates  and b in d e r  were mixed using  the in te rm e d ia te  of 
the  3 speeds, f o r  1 m inute . The in c reased  q u a n t i ty  o f  m a te r ia l  
in  the  bowl meant t h a t  when a m odified  whisk, s im i la r  to  t h a t  
d e sc r ib ed  p re v io u s ly  was used, the  w ire s t r a n d s  were more l i a b l e  
to  b re a k . For t h i s  reason  a more r i g i d  "dough-hook" a ttachm ent 
was m odified  by the  a d d i t io n  o f  2 s t r a n d s  of w ire and t h i s  was 
found to  be s a t i s f a c t o r y .
Upon com pleting the  mixing o f the f i r s t  h a l f  (5 kg) of a specimen, 
the  mixed m a te r i a l  was p laced  on a t r a y  and re tu rn e d  to  the  agg­
re g a te  oven in  o rd e r  to  m a in ta in  i t s  tem p e ra tu re ,  w h i l s t  the  o th e r  
h a l f  was mixed.
5 .5 .5  Compaction:
This o p e ra t io n  was c a r r i e d  out a t  room tem peratu re  u s ing  the  appar­
a tu s  s e t  up as shown in  p la t e  5 ( a ) ,  w ith  the  r o l l e r  segment and 
mould e x te n s io n  in  p o s i t i o n .
E arly  work had in d ic a te d  t h a t  in  o rd e r  to  achieve the  compaction 
of f l a t  specimens, i t  was n ecessa ry  to  s e t  the  d is ta n c e  o f t r a v e l  
o f the  mould a t  305 mm. This was done by a l t e r i n g  the  p o s i t i o n  
o f  the  "k nock -o ffs"  on the  ta b le  c a r ry in g  the  mould. I t  was 
a lso  considered  n ecessa ry  to  reduce the  speed of t r a v e l  o f  the  
mould from th a t  used during  t e s t i n g ,  and an a r b i t r a r y  speed of 
25 passes  pe r  minute was chosen and s e t  by a d ju s t in g  c o n t r o l  v a lv es  
on the h y d ra u l ic  power-pack. In  a d d i t io n  i t  was shown t h a t  
the  compactive e f f o r t  employed ( lo ad  on r o l l e r  segment and number 
of p a s s e s ) ,  had a co n s id e rab le  e f f e c t  upon the degree of compaction 
achieved , see Chapter 6. I t  was, th e r e f o r e ,  n e ce ssa ry  to  s e l e c t  
a " s tan d a rd "  compactive e f f o r t  to  be used th roughout the  course
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of the  i n v e s t ig a t i o n .  For the reasons d iscu ssed  in  Chapter 
6, t h i s  was to  c o n s i s t  o f :
30 passes  o f  the r o l l e r ,  apply ing  a fo rce  of 11.25 N pe r  l i n e a l  
ram a c ro ss  the  w id th  of the  specimen, and correspond ing  to  
4 x  72.5 kg (4 x  40 lb )  masses on the  hanger.
When both  h a lv es  of a specimen had been mixed they  were im m ediately  
t r a n s f e r r e d  to  the  mould, spaded w ith  a s p a tu la  to  ensure  the  
m ixture  was sea ted  and even, and then  the  tem perature  o f  the  mix­
tu re  was determ ined. I t  was conside red  im p ra c t ic a l  to  remove 
the mould from the machine in  o rd e r  to  r a i s e  i t  to  the  tem pera tu re  
r e q u ire d  f o r  compaction, bu t i n s p i t e  o f  t h i s ,  the  average tem per­
a tu re  of the  mixed m a te r i a l  immediately p r i o r  to  compaction was 
found to  be w i th in  the  range 136 - 144°C. In  o rd e r  to  p rev en t  
the m ixture  from s t i c k in g  to  the  mould, t h i s  had p re v io u s ly  been 
coated  w ith  a m ixture  of lim estone d u s t  and w a te r ,  and, f o r  the  
same rea so n , the  r o l l e r  segment was sprayed w ith  w ater  b e fo re  
being brought in to  c o n ta c t  w ith  the  m ix tu re .
The r o l l e r  segment i s  lowered by means o f  the  h y d ra u lic  ram, u n t i l  
p o s i t io n e d  in  mould, and the  machine s e t  in  m otion. The number 
of passes  re q u ire d  i s  p r e - s e t  on the  c o n t r o l  box and the  machine 
counts  o f f  the  passes  and l i f t s  the  segment c l e a r  of the  mould 
a f t e r  30. The compacted specimen i s  then  allowed to  c o o l  in  
the  mould f o r  approxim ately  lh  hours a f t e r  which time i t  can  be 
removed. Specimens are  then  marked w ith  the  a p p ro p r ia te  s p e c i ­
men i d e n t i f i c a t i o n  number and s to re d  in  s p e c i a l l y  c o n s t ru c te d  
wooden boxes (305 x  305 x 70 mm) which p rev en t  deform ation  of 
specimens p r io r  to t e s t .  Using the  procedure o u t l in e  above, 
i t  was found p o s s ib le  to  mix and compact 4 specimens during  a
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s in g le  working day.
5 .5 .6  D eterm ination  of Specimen D ensity -V o ids :
This was done as d e sc r ib ed  f o r  M arshall  specimens excep t t h a t  
the  weighings in  a i r  and w ater  were c a r r i e d  out us ing  a 15 kg 
c a p a c i ty  balance  to  an accuracy  of 1 gram. I t  was n ecessa ry  
to  modify the  ba lance  s l i g h t l y  in  o rd e r  to  accommodate a r i g i d ,  
s t e e l  s l in g  arrangement to  perm it the  weighing of the  specimens 
immersed in  w a te r .
5 .5 .7  Wheel-Tracking T e s t :
T es t in g  was c a r r i e d  ou t a t  45 *  1°G using  the  appara tu s  s e t  up
as shown in  p la t e  5 (b ) ,  w ith  the  mould e x te n s io n  and hanger removed,
and the  segment re p laced  by the  w h e e l / t ra n sd u c e r  arrangem ent. ___
In  o rd e r  to  produce the  re q u ire d  c o n ta c t  p re s su re  between the
wheel and the  specimen, a 12 kg s t e e l  b lock  was lo c a ted  by means
of 2 b o l t s  a t  the  f a r  end of the  loading  beam. The c o r r e c t
lo c a t io n  had p re v io u s ly  been determ ined and marked, by a d ju s t in g
the p o s i t io n  o f  the  b lock  w h i l s t  a llow ing  the  wheel to  b e a r  on
a load c e l l ,  u n t i l  the  re q u ire d  fo rce  (525 N) was being  a p p l ie d .
Having determined the  average c o n ta c t  a re a  o f  the  ty r e  under t h i s
loading  by means o f  a ty re  p r i n t ,  i t  was p o s s ib le  to  c a l c u l a t e
the c o n ta c t  p re s su re :
Force on wheel = 525 N
2Contact a re a  = 990 mm (a p p ro x .)
2Contact p re s su re  = 530 kN/m (ap p ro x .)
(T .R.R .L . l im i t s  = 520 - 550 kN/m^).
In  a d d i t io n  i t  was a lso  n ecessa ry  to  a d ju s t  the  d is ta n c e  and speed 
of t r a v e l  of the  mould to  250 mm and 42 passes  per minute r e s p e c t i v e l y .
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This was done in  the  manner de sc r ib ed  p re v io u s ly .  To s im p lify  
the  former ad justm en t, once having determ ined the 2 d is ta n c e s  
o f  t r a v e l  re q u i re d ,  permanent m eta l s tops  were provided (p la t e  
5b) to  f a c i l i t a t e  a quick change from one to  the  o th e r ,  as the 
machine was changed over from compaction to  t e s t i n g  and v ic e - v e r s a .
During and p r i o r  to  t e s t i n g  the  a i r  tem perature  in s id e  the  c a b in e t  
was th e r m o s ta t i c a l ly  c o n t r o l le d  and the  door was kep t shu t to  
p reven t h ea t  l o s s .  Specimens were p laced  in  the c a b in e t  o v e r­
n ig h t  p r i o r  to  t e s t i n g  in  o rd e r  f o r  them to  a t t a i n  t e s t  te m p e ra tu re .  
One was p o s i t io n e d  in  the  mould and the  o th e r s  in  the  wooden boxes 
p re v io u s ly  r e f e r r e d  to ,  s tacked  on a m eta l  ra ck  such t h a t  they  
were m ain ta ined  a t  the  working h e ig h t  o f  the  machine.
Each t e s t  was to  l a s t  45 m inu tes ,  o r u n t i l  the  r u t  dep th  reached  
15 mm, which ev er  was the  s h o r t e r .  I t  fo llow s th a t  a f t e r  45 
m inutes a t  42 passes  p e r  m inute , 1890 passes  w i l l  have been com­
p le te d ,  and to  ensure  t h i s  was the  c a se ,  the  au to m a tic -co u n te r  
was s e t  a t  2,000 f o r  each t e s t .  I f  a t  some p o in t  during  the  
t e s t ,  the  r u t  depth  reached 15 mm, 2, p r e - s e t  l im i t  sw itches  were 
o pe ra ted  and the  t e s t  immediately te rm in a ted .
Throughout each t e s t ,  the  r u t  depth  a t  the  c e n tr e  of the  specimen 
was recorded  f o r  each pass of the  wheel by means of a d isp lacem en t
/  IQ C\t ra n sd u c e r  mounted on the wheel. To provide a datum a g a in s t
which r u t  depth  was to  be measured, a datum ba r  was prov ided  as 
shown in  p la te  5 (b ) .  O r ig in a l ly  a h o r i z o n ta l  ba r  was used bu t 
t h i s  proved to  be u n s a t i s f a c to r y  because i t  was by no means c e r t a i n  
t h a t  the  readou t produced r e f e r r e d  to  the  r u t  depth a t  the  c e n t r e  
of the specimen, and i t  was a lso  apparen t th a t  su rface  i r r e g u l a r i t i e s
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could lead to  sp u r io u s  measurements. By re p la c in g  t h i s  w ith  
the  d o u b le - in c l in e d  ba r  shown ( p la te  5b),  and by tak in g  the  apex 
as the  datum from which measurements were made, t h i s  ensured  t h a t  
r u t  depth  was measured a t  the  c e n tre  of the  specimen, and measure­
ment was u n a ffe c ted  by su rface  i r r e g u l a r i t i e s .  The o u tp u t  from
(192)the  t ra n s d u c e r  was fed  to  the  c h a r t  re c o rd e r  and a Rut depth
v s .  Time curve produced, a t y p i c a l  example i s  shown in  f ig u r e  
12. The re c o rd in g  equipment s e t-u p  and c a l i b r a t i o n  procedure  
i s  g iven  in  d e t a i l  in  Appendix B.
From the c h a r t  re co rd in g  produced, the  fo llow ing  can be de term ined , 
g iven :
Chart speed = 60 cm/hr (1 cm/min)
F u l l  s c a le  d e f l e c t i o n  o f  c h a r t  = 25 mm
Wheel-Tracking r a t e  (T .R .) ,  the  mean r a t e  of in c re a se  o f  r u t  
dep th , determ ined over the  f i n a l  15 minutes o f  the  t e s t ,  from 
f ig u re  12;
Rut depth  a f t e r  30 mins = 2.8 mm
Rut depth  a f t e r  45 mins = 3 .4  mm
hence
T.R. = (3 .4  -  2 .8 )  x 60 = 2 .4  mm/hr.
15
and a lso  the r u t  depth  (R .D.) a f t e r  a g iven  number of passages  
of the wheel, and a t  the  end o f the  t e s t .
Rut dep th  a f t e r  100 passes  (RD^qq) = 0 .9  mm
Rut dep th  a f t e r  1000 passes  (RD^qOO) = 2 .6  mm
Rut dep th  a t  end of t e s t  (RD^,^^ = 3 .4  mm.
Upon com pletion  of t e s t i n g  of one specimen, i t  i s  immediately
139
•Qll S31VS ’W‘3‘1 -c/z
140
removed from the  machine by d ism an tling  the  f r o n t  and s ide  of 
the  mould, and the  nex t specimen t r a n s f e r r e d  from i t s  box and 
p o s i t io n e d .  Approximately 15 minutes i s  then  allowed f o r  the  
tem perature  to  s t a b i l i s e ,  and a f t e r  re -ch eck in g  the  r e c o r d e r - t r a n s ­
ducer c a l i b r a t i o n ,  i t  i s  t e s t e d  in  the  same manner. Using t h i s
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6. DISCUSSION OF EXPERIMENTAL RESULTS
6.1  M arshall Test R esu l ts
6 .1 .1  Comments on T est Procedure
6 .1 .1 .1  In t ro d u c t io n
The development o f  the  ap p ara tu s  and p rocedures  used in  the  exe­
c u t io n  of t h i s  t e s t  has a l re ad y  been d esc r ib ed  ( 5 .3 ) .  In  the 
fo llow ing  s e c t io n s  the  au th o r  wishes to  draw a t t e n t i o n  to  s e v e ra l  
p o in ts  a r i s i n g  from t h i s  and the subsequent use of the  t e s t  method.
6 .1 .1 .2  Mixing and Compaction O perations
I t  was considered  e s s e n t i a l  t h a t  the  mixing o p e ra t io n  should r e s u l t  
in  the  com bination of the  c o n s t i tu e n t s  in to  a homogeneous m ix tu re ,  
w ithou t s e g re g a t io n .  In  o rd e r  to  determ ine i f  t h i s  was being 
achieved the  re q u ire d  q u a n t i t i e s  o f  each c o n s t i tu e n t  were mixed 
to g e th e r  as de sc r ib ed  in  5 .3 .3  and the  r e s u l t i n g  m ixture  then  
d iv ided  in to  4 f r a c t i o n s ,  each re p re se n t in g  a la y e r  of m a te r i a l  
taken  in  sequence from the mixing bowl. Using d ichlorom ethane 
as a so lv en t  the  b in d e r  was "washed" from each f r a c t i o n  and the  
g rading  o f the  remaining aggregate  was determ ined, including any 
m a te r ia l  c o l l e c te d  by f i l t r a t i o n  from the b in d e r - s o lv e n t  s o lu t io n .
A ty p ic a l  s e t  o f  r e s u l t s  a re  p re sen ted  in  t a b le  21.
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Table 21:
Assessment of Mixing E f f i c i e n c y :









5 mm 100 100 100 100 100
2.36 98 98 98 98 98
600 micron 90 90 90 90 90
212 44 43 43 45 46
75 10 10 10 12 13
Taking t h i s  a s tage  f u r th e r  the  b in d e r  co n ten t  and aggregate  g rad ­
a t io n  o f  compacted specimens were determ ined by the " E x tr a c t io n  
B o tt le  Method : Binder Content by D if fe re n c e " ,  accord ing  to  B.S.
598 p a r t  2 . ^ ^ ^  R esu lts  t y p i c a l  of those  ob ta ined  a re  p re sen te d  
in  t a b le s  22 and 23.
Table 22








Sample 1* Sample 2*
Mean of 
Samp le  s 
1 and 2 
(7. by mass)
9.5 9.58 9.47 9.53
12.0 12.02 12.10 12.06
*  Each compacted specimen was d iv ided  in to  2 samples and the  b in d e r  
co n ten t  determined fo r  each .
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Table 23
Aggregate G radation  - M arshall Specimens:
B.S. Sieve 
Size
Percentage  Passing  (by mass)
Specimen 1* Specimen 2* D esired
2.36 mm 100 100 100
1.18 99 99 99
600 micron 96 97 96
300 71 70 69
212 46 46 44
150 29 29 26
75 17 18 15
* For each compacted specimen the va lues  re p o r te d  r e p r e s e n ts  the  
mean of the  g rad ings determ ined f o r  2 ha lv es  of the specimen.
Taking a l l  o f  the  r e s u l t s  in to  c o n s id e ra t io n  the  fo llow ing  has 
been inferred:
( i )  the  mixing o p e ra t io n  used r e s u l t s  in  a homogeneous m ix ture  
of the  c o n s t i tu e n t s
( i i )  the  procedures  used in  p ro p o r t io n in g ,  mixing and compac­
t i o n  r e s u l t  in  the p ro d u c tio n  specimens having w i th in  c lo se  
to le r a n c e s ,  the  d e s i re d  b in d e r  c o n ten t  and aggregate  g ra d a t io n ,  
( i i i )  n e i t h e r  the  mixing nor compaction o p e ra t io n s  r e s u l t  in  
any s i g n i f i c a n t  aggregate  d e g ra d a t io n .
The r e s u l t s  p re sen ted  r e l a t e  to  m orta r  m ix tu res  and i t  i s  the  
a u th o r 's  op in ion  t h a t  the  p h y s ic a l  n a tu re  of such m ix tu res  has 
a cush ion ing  e f f e c t  during  compaction and hence le s s  agg rega te  
deg rad a tio n  i s  apparen t than  re p o r te d  f o r  A sp h a lt ic  Concrete
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m ix tu re s .  i t  i s p robable  t h a t  t h i s  w i l l  a lso  hold
fo r  307o stone c o n ten t  m ix tu res  but i t  i s  l i k e l y  th a t  f o r  55?0 stone 
c o n ten t  m ix tu re s ,  d e g rad a tio n  may become more apparen t a lthough  
i t  should be confined  to  the  coarse  ag g reg a te .
6 .1 .1 .3  S t a b i l i t y  - Flow D eterm inations
The use o f  the Load C e l l  - Chart Recorder s e t-u p  d e sc r ib ed  in
5 .3 .7  i s  cons ide red  by the  au th o r  to  improve upon the  method p re ­
sen ted  in  B.S. 594 as i t  removes the  human element from the  d e t e r ­
m in a tio n s .  There i s  no problem in  o b ta in in g  an a c c u ra te  measure 
o f S t a b i l i t y  as the  p o in t  o f  maximum fo rce  i s  c l e a r l y  d e fin ed  
on the  c h a r t  re c o rd in g .  However, in  r e s p e c t  to  the  d e te rm in a t io n  
o f Flow se v e ra l  p o in ts  should be r a i s e d .
( i )  The d e te rm in a t io n  r e l i e s  on the  f a c t  t h a t  load i s  a p p l ie d  
to  the specimen a t  a known, c o n s ta n t - r a t e  of s t r a i n  th roughout 
the  t e s t  and t h a t  the  c h a r t  speed i s  known and a lso  remains c o n s ta n t .  
In  the  a u th o r 's  exper ience  the  l a t t e r  does no t p re se n t  a problem 
and, th e r e f o r e ,  any " e r r o r s "  are  l i k e l y  to  r e s u l t  from f a i l u r e  
to  achieve the  former requ irem en t.  Provided the  ote-forvnatrortrate 
remains c o n s ta n t  th roughout the t e s t ,  any d e v ia t io n  in  t h i s  from 
the  value s p e c i f ie d  can be taken  account o f  during  the  c a l c u l a t i o n  
of Flow, and hence the  only  source of e r r o r  would be due to  v a r i a ­
t io n s  i n (^ ^ =’r>v'a ^£>r a te  during  the  t e s t  i t s e l f .  In  the  a u t h o r ' s  
op in ion  such e r r o r s  would be sm all a lthough  they  would in c re a s e  
in  magnitude as Flow in c re a se d .
( i i )  The d is ta n c e  re p re se n t in g  Flow on the  c h a r t  re c o rd in g  (FD) 
needs to  be c l e a r l y  d e f in ed ,  3 p o s s ib le  " d e f in i t i o n s "  of Flow
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are  i l l u s t r a t e d  in  f ig u re  13.
During the  p re se n t  work FD was taken  as the  h o r iz o n ta l  d is ta n c e
from the p o in t  where fo rce  begins to  in c re a s e  (A), to  the  p o in t
correspond ing  to  i t s  maximum value (B), see f ig u re  13 ( a ) .
An a l t e r n a t i v e  to  t h i s  shown in  f ig u re  13 (b) i s  taken  from Dutch 
(79)s p e c i f i c a t i o n s  and g ives  a value of FD s l i g h t l y  l e s s  than  
t h a t  de fined  p re v io u s ly .  In  the au tho r*s  experience  i t  i s  some­
tim es d i f f i c u l t  to  lo c a te  e x a c t ly  the  p o in t  a t  which fo rce  beg ins  
to  in c re a se  (A) and i t  i s  c e r t a i n l y  n o t always p o s s ib le  to  make 
a d e te rm in a t io n  in  the  manner of f ig u re  13 ( b ) . For th e se  reasons  
f ig u r e  13 (c )  is. p re sen ted  by the  au th o r  as a f u r th e r  a l t e r n a t i v e  
which a llow s FD to  be de fined  a c c u ra te ly  in  a l l  in s ta n c e s .
This invo lves  c o n s t ru c t in g  a tan g en t  to  the  cu rve , p ass in g  through  
the  p o in t  o f  maximum fo rce  (C) and c u t t in g  the  z e r o - l in e  o f the  
c h a r t  a t  D. FD i s  then  taken  as the  h o r iz o n ta l  d is ta n c e  DB.
6 .1 .1 .4  Execution of Test P ro ced u re :
The t e s t  procedure was found to  depend, f o r  i t s  c o n s is te n c y  and 
r e l i a b i l i t y ,  upon speed, o r g a n is a t io n  and a t t e n t i o n  to  d e t a i l .
This was p a r t i c u l a r l y  t ru e  of the  mixing and compaction o p e ra t io n s  
to  ensure  t h a t  tem pera tu res  were kept w i th in  the  re q u ire d  l im i t s  
and to  perm it the  manufacture of 24 specimens in  ra p id  su c c e ss io n .  
G rea te r  r e l i a b i l i t y  and c o n s is te n cy  o f  o p e ra t io n  was achieved 
when two o p e ra t iv e s  were used as d e sc r ib ed  in  5 .3 .8 .
6 .1 .1 .5  R e l i a b i l i t y  of Equipment:
In  a d d i t io n  to  the  above, the r e l i a b i l i t y  o f  the  equipment used 
was found to  be of g re a t  importance in  ach iev ing  c o n s is te n c y  of 
o p e ra t io n .  The r e l i a b i l i t y  of t e s t i n g  and reco rd in g  equipment
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has a lre ad y  been mentioned but a p a r t  from t h i s  the compaction 
equipment was found to  be o f  equa l i f  no t g r e a te r  im portance .
I t  was considered  e s s e n t i a l  to  use an au tom atic  compactor to  perm it 
the  manufacture of 24 specimens w i th in  a reasonab le  time and to  
remove the  in h e re n t  v a r i a b i l i t y  o f  the  manual method. However, 
the  autom atic  compactor o r i g i n a l l y  used was found inadequate  and 
su ffe re d  from the  fo llow ing  d e f i c i e n c i e s :
( i )  p e r io d ic  f a i l u r e  to  p ick-up  the  hammer r e s u l t i n g  in  an 
undetermined number of blows being missed 
( i i )  rebound o f the  hammer befo re  i t  was picked up
( i i i )  d i f f e r e n t i a l  h e ig h t  o f  drop
( iv )  f r i c t i o n  between the f a l l i n g  hammer and guide rods r e s u l t i n g  
in  a reduced compactive e f f o r t .
A com bination o f ( i ) ,  ( i i i )  and ( i v )  was found to  have a s i g n i f i c a n t  
e f f e c t  upon the d e n s i ty  (S^) (and hence S t a b i l i t y )  o f  the  specimens 
produced, as i l l u s t r a t e d  in  f ig u re  14, which a lso  i n d i c a t e s  an 
in c re a se  in  the  b in d e r  co n ten t  correspond ing  to  maximum d e n s i ty  
(Sm) as a r e s u l t  o f  the  reduced compactive e f f o r t .
The au th o r  co n s id e rs  ( i )  and ( i i i )  to  have r e s u l t e d  from a po o rly  
designed p ick-up  and r e le a s e  mechanism, made much worse by the  
f a c t  t h a t  the  machine was opera ted  a t  60 - 70 blows per m inu te . 
F u r th e r ,  ( iv )  was a symptom of the  e v e n tu a l  t o t a l  breakdown of 
the  compactor due to  age and the  " s t r a i n "  pu t on i t .  A more 
u p - to -d a te  machine, having an improved pick-up  and r e l e a s e  mechanism 
was acqu ired  as a rep lacem ent. However, t h i s  was s t i l l  found 
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re q u ire d  ad justm ent to  ensure  the  hammer was picked up and re le a s e d
/197 }each c y c le .  I t  i s  hoped t h a t  a new des ig n ,  in tro d u ced
r e c e n t ly ,  w i l l  reduce the  s t r a i n  p laced  upon the  mechanism and 
make f o r  a more r e l i a b l e  machine. I t  may a lso  go some way in  
p rev en tin g  the  rebound a f t e r  each blow i s  d e l iv e re d ,  a problem 
conside red  in c u ra b le  in  the  e a r l i e r  d e s ig n s .
6 .1 .2  A nalysis  and P r e s e n ta t io n  o f  R esu lts
M arshall t e s t s  were conducted using  the  appara tu s  and tech n iq u es  
d e sc r ib ed  in  5 .3 ,  accord ing  to  the  procedure s e t  out in  Appendix 
B. For each o f the  Stone Contents conside red  ( t a b le  13), 2 
specimens were t e s t e d  a t  each o f s e v e ra l  b in d e r  c o n te n t s ,  s e le c te d  
to  cover the  range shown in  ta b le  13. O r ig in a l ly  12 b in d e r  
c o n te n ts ,  in c re a s in g  by 0.5% by mass increm ents  were used accord ing  
to  B.S. 594, but l a t e r  i t  was p o s s ib le  to  reduce the  number of 
b in d e r  c o n ten ts  to  7 o r  8 (see  l a t e r ) .  Where t h i s  was done, 
increm ents  of 0.5% by mass were s t i l l  used but w ith  a l7o by mass 
increm ent inc luded  a t  e i t h e r  end of the  range . A d d it io n a l  m ixture  
com positions, no t shown in  ta b le  13, were used from time to  time 
and these  are  r e f e r r e d  to  where a p p l ic a b le .
For each specimen t e s t e d  the  fo llow ing  p r o p e r t i e s  were determ ined 
in  the  manner in d ic a te d  in  5 .3 .5 ,  5 .3 .6  and 5 .3 .7 .
R e la t iv e  D ensity  of specimen (S^) g/ml
Compacted Aggregate D ensity  (S^) g/ml
Air Voids in  Mix (V^) 7o
Voids in  M ineral Aggregate (V^) %
Voids F i l l e d  w ith  Binder (Vp) %
M arshall S t a b i l i t y  (S) kN
M arshall Flow (F) mm
M arshall Q uotient (Q) kN/mm
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For each Stone Content, the  mean va lues  o b ta ined  a t  each b in d e r  
c o n ten t  fo r  d u p l ic a te  specimens are  p re sen ted  in  s e c t io n  D .1.3 
(sand A) and s e c t io n  D.1.7 (sand B) of Appendix D.
-  3E quivalen t to  g cm but used in  t h i s  form to  m a in ta in  c o n s is te n c y  
w ith  B.S. 5 9 4 . ^
For a l l  Stone Contents th e se  va lues  (mean f o r  d u p l ic a te  specimens) 
were p lo t t e d  a g a in s t  b in d e r  c o n ten t  (wg). The r e s u l t i n g  graphs 
f o r  s e le c te d  Stone Contents (07o. 307, and above) are  p re sen ted  
in  s e c t io n  D .1.4 (sand A) and s e c t io n  D.1.8 (sand B) of Appendix 
D. The Low-Stone Content m ix tu res  between 0 and 307, have been 
om itted  as the  High-Stone Content m ix tu res  (307, and above) were 
considered  to  be more r e le v a n t  from the p r a c t i c a l  usage p o in t  
o f  view.
6 .1 .3  D iscussion  of R esu lts
6 .1 .3 .1  Main I n v e s t ig a t io n
This was concerned w ith  v a r io u s  a sp e c ts  of the  c u r re n t  B.S. 594 
design  procedure f o r  m orta r  m i x t u r e s a n d  i t s  e x te n s io n  to  mix­
tu r e s  co n ta in in g  up to  557, s to n e .
In  a d d i t io n  to  the com positions shown in  t a b le  13, t h i s  p a r t  o f  
the  i n v e s t i g a t i o n  conside red  the  fo llow ing  a d d i t io n a l  m ix tu re s ,  
c o n ta in in g
( i )  sand A and 57, by mass, stone
( i i )  sand B "as rec e iv e d "  (p lus  2.36 mm m a te r ia l  in c luded )  
w ith  0, 10, 20 and 307, by mass of added coarse  ag g reg a te .
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A ll were t r e a te d  in  an i d e n t i c a l  manner to  the o th e r  m ix tu res  
( 6 .1 .2 ) ,  w ith  the  r e s u l t s  fo r  ( i )  inc luded  along w ith  the  o th e r  
r e s u l t s  f o r  sand A in  s e c t io n  D .1.3 and those  fo r  sand B "as rec e iv e d "  
in  s e c t io n  D .1.6 of Appendix D.
Table 24;
Sand A - M arshall Optimum Binder Contents 
( a l l  f ig u r e s  % by mass)
Stone Content 
(70 by mass) 0* 5 10 20 30* 40 55''
Binder Content fo r  
Maximum Sm 12.2 11.1 10.7 9 .4 8 .1 7.3 6.7
Binder Content f o r  
Maximum S^ _ 11.2 9.8 9 .8 8 .0 7.4 6.6 6 .0
Binder Content fo r  
Maximum S 12.0 10.8 10.7 8.7 7.5 6.7 5.9
M arshall OBC 11.8 10.6 10.4 8.7 7.7 6.9 6.2
* mean va lu es  f o r  d u p l ic a te  t e s t s
Table 25:
Sand B - M arshall Optimum Binder Contents 
( a l l  f ig u r e s  % by mass)
Stone Content 
(7o by mass) 0* 10 20 30 38 55
Binder Content f o r  
Maximum S^ 8 .1 7 .0 6.5 5 .4  . 5 .2 4 .8
Binder Content f o r  
Maximum S^ 7.1 6.2 6.2 5.1 5 .0 3.8
Binder Content f o r  
Maximum S 6.8 6.2 5.6 4 .5 4 .4 4 .3
M arshall OBC 7.3 6.5 6.1 5.0 4.9 4 .3
* mean va lues  f o r  d u p l ic a te  t e s t s
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Table 26:
Sand B "as r e c e iv e d 11 - M arshall Optimum Binder Contents 
( a l l  f ig u r e s  % by mass)
Stone Content* 
(7» by mass) 0 10 20 30
Binder Content f o r  
Maximum Sm 7.0 6.5 5 .4 5.3
Binder Content fo r  
Maximum S^ 6.4 5.7 4 .6 4.2
Binder Content fo r  
Maximum S 6.0 4 .9 4 .2 3.8
M arshall OBC 6.5 5.7 4 .7 4 .4
* % by mass of coarse  a g g reg a te ,  in  a d d i t io n  to  the  
p lu s  2.36 mm m a te r ia l  co n ta ined  in  the  sand.
From the  graphs p l o t t e d ,  the  b in d e r  c o n ten ts  co rrespond ing  to
the maximum va lues  o f  S„, S, and S were determined and f o r  eachM A
Stone Content the  M arsha ll  "optimum b in d e r  c o n ten t"  (OBC) was 
c a lc u la te d  as the  mean of th ese  3 b in d e r  c o n te n t s ,  to  the  n e a r e s t
0.170 by mass. The r e s u l t s  o f  th ese  d e te rm in a tio n s  a re  p re sen te d  
i n  t a b le s  24, 25 and 26, f o r  sand A, sand B and sand B "as re c e iv e d "  
r e s p e c t iv e ly .
( i )  R e la t io n sh ip  between the Binder Contents co rrespond ing  to  
Maximum Sm, and S, and Stone C onten t.
The b in d e r  c o n ten ts  corresponding  to  maximum va lues  o f  Sj ,^ Sj  ^
and S are  p lo t t e d  a g a in s t  Stone Content in  F igures  15, 16 and 
17 r e s p e c t iv e ly .
The au tho r  c o n s id e rs  t h a t  th ese  graphs can be in t e r p r e t e d  in  two 
ways, e i t h e r









































EFFECT OF STONE CONTENT UPON TH E  B IN D E R FIG 15
C O N T E N T  F O R  M A X I M U M  M I X  D E N S I T Y
10
6030 40 5020
Stone C on ten t %  BY M A S S
E F F E C T  O F  S T O N E  C O N T E N T  U P O N  T H E  B I N D E R
FIG 16C O N T E N T  . F O R  M A X I M U M  C O M P A C T E D
























EFFECT OF STONE CONTENT UPON THE BINDER CONTENT FOR FIG 17
M A X I M U M  M A R S H A L L  S T A B I L I T Y
13
8 -
5030 40 6010 20
KEY 5 (  F I G U R E S  1 5 .  16  A N D  17 )
— * — s and A 
_  _ q _  o -  sand B
 * — — sand B ' a s  r e c e iv e d '
1 5 6
2. An approxim ate ly  l i n e a r  r e l a t i o n s h ip  e x i s t s ,  w ith  the  b in d e r  
c o n te n ts  corresponding  to  the  r e s p e c t iv e  maxima being in v e r s e ly  
p ro p o r t io n a l  to  the  s tone  c o n te n t .  However, the r e s u l t s  fo r  
m ix tu res  c o n ta in in g  557. stone in d ic a te  t h a t  t h i s  r e l a t i o n s h ip  
does no t hold beyond stone c o n te n ts  of 407o by mass.
The au th o r  i s  of the  op in ion  th a t  the  l a t t e r  i s  the c a se ,  the  
r e l a t i o n s h ip  being o f the  form: 
y = c - m:c
where
y = Binder Content f o r  maxima (% by mass) 
oc = Stone Content (7. by mass) 
c = I n te r c e p t  on y -a x is  
m = Slope o f the  s t r a i g h t  l i n e .
In  each case  the  Slope (m) o f  the  " b e s t - f i t 1' s t r a i g h t  l in e  was 
determ ined by L east-Squares  L inear R egress ion  (see  Appendix E) 
and the  va lu es  are  p re sen ted  in  ta b le  27. From t h i s  i t  appears  
th a t  the  m ean-ra te  a t  which b in d e r  c o n ten t  f o r  maxima changes—  
w ith  re s p e c t  to  Stone Content d ec rea se s  as the  OBC o f the  m orta r  
d e c r e a s e s .
Table 27:
Slope (m) o f S t r a ig h t  l in e  R e la t io n sh ip s  in d ic a te d  in  F igu res  




Slope of S t r a i g h t - l i n e  (m) 
( f o r  param eter shown vs . 
Stone Content)
(7o by mass) SM SA S
A 11.8 0.12 0.11 0.14
B 7.3 0.08 0.06 0.07
B "as re ce iv ed " 6.5 0.06 0.07 0.08
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( i i )  R e la t io n sh ip  between M arshall Optimum Binder Content and 
Stone C o n ten t:
For each sand, the  OBC's determ ined as the mean of the  b in d e r  
co n ten ts  co rrespond ing  to  maximum S^, and S are  p lo t t e d  a g a in s t  
Stone Content in  f ig u r e s  18 and 19. As would be expected  from 
the  p receed ing , as Stone Content in c re a s e s ,  OBC d e c re a se s ,  and 
the  r a t e  o f  change o f OBC w ith  r e s p e c t  to  Stone Content tends 
to  decrease  as the  OBC o f the  m orta r  d e c re a se s .  At t h i s  s tage  
the  au tho r  was u n w il l in g  to  i n f e r  a l i n e a r  r e l a t i o n s h i p ,  as t h i s  
was no t immediately a p p a ren t .
In s te a d ,  the ex p er im en ta l  OBCfs were compared w ith  T arge t B inder 
Contents based on the  B.S. 594 d esign  method. Using the  OBC
of the  m o rta r ,  an ad justm ent i s  made to  y ie ld  a T arge t B inder 
Content fo r  a m ixture  c o n ta in in g  ST, by mass, s to n e .  The t a b le s  
provided in  B.S. 594 to  f a c i l i t a t e  t h i s  a re  based upon the  formula
B = A( 100 - S) +2£S 
'  100  100
B = Target Binder Content f o r  a mix c o n ta in in g  ST, coarse  
aggregate
A = OBC o f the  m ortar  (7o by mass)
S = Coarse aggregate  Content (7. by mass)
X  = 1 .3 ,  2 .3  o r  2 .9 depending upon type of co arse  aggregate  
used. -
This a llow s the  m orta r  p o r t io n  of mix (100 - S) to  have a b in d e r  
c o n ten t  equa l to  the  OBC (A) determ ined f o r  i t ,  w ith  an a d d i t i o n a l  
XT, b in d e r ,  by mass o f coarse  ag g reg a te ,  presumably to  c o a t  the  
s to n e .  For the  purposes of t h i s  in v e s t i g a t i o n ,  x  took on a 
value of 2 .3  as crushed rock coarse  aggregate  was used . I t  
can be shown th a t  t h i s  f ig u re  i s  de rived  on the  b a s is  o f  p a s t  e x p e r ­
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allowed in  Schedule 1A re c ip e  m ix tures  to coa t  the  coarse  a g g rega te .
The T arget Binder Contents determ ined in  t h i s  manner a re  inc luded  
in  f ig u r e s  18 and 19, and de fin e  a l i n e a r  r e l a t i o n s h i p ,  such th a t  
Target Binder Content i s  in v e r s e ly  p ro p o r t io n a l  to  Stone C onten t. 
F u r th e r ,  i t  i s  apparen t t h a t  the  M arshall OBC's o f  the  S t o n e - f i l l e d  
m ix tu res  are  c o n s i s t e n t ly  l e s s  than  the  Target Binder c o n te n ts  
f o r  th ese  same m ix tu re s .  To look a t  t h i s  more c lo s e ly ,  f o r  
m ix tu res  c o n ta in in g  30, 40 and 557« by mass s to n e ,  f ig u r e  20, i n d i ­
c a te s  the  r e l a t i o n s h ip  between the  OBC of the  m ortar  and the  OBC
of a mix c o n ta in in g  57o s to n e ,  f o r  the  3 sands com prising the  c u r r e n t
i n v e s t i g a t  
(199)(200)
i o n ,  and a lso  in c lu d in g  d a ta  p re sen ted  by o th e r  workers
For each Stone C onten t, the  r e l a t i o n s h ip  appears  
approxim ate ly  l i n e a r ,  o f  the  form 
y = mx.+ c
y = M arshall OBC of S to n e -F i l le d  Mix
sc = M arshall OBC of Mortar
m = Slope
c = I n t e r c e p t .
The va lues  of m and c were determ ined by L inear R egress ion  and 
are p re sen ted  in  ta b le  28 along w ith  the  va lu es  of m and c f o r  
the  r e l a t i o n s h ip  between OBC m ortar  and Target Binder C on ten t, 
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B.S. 594 EXPERIMENTAL DATA
m c m c 4 \r
30 0.70 0.7 0.67 0.45 0.960
40 0.60 0.9 0.61 0.14 0.962
55 0.45 1.3 0.42 0.92 0.991
* r  = C o r re la t io n  C o e f f ic ie n t  (see  Appendix E)
There i s  a h igh  degree of l i n e a r  a s s o c ia t i o n  between the  OBC of 
the  m ortar  and the  OBC of the  S to n e - f i l l e d  mix 0 .96) and
in  a d d i t io n  the  s lope  (m) of the  "b e s t  f i t "  s t r a i g h t  l in e  through 
the  exp er im en ta l  d a ta  i s  in  a l l  cases  approxim ate ly  equa l to  t h a t  
of the  r e l a t i o n s h ip  based on B.S. 594. This being the c a se ,  
f o r  each Stone Content the  value o f  m was s e t  eq u a l to  t h a t  c o r r ­
esponding to  the  r e l a t i o n s h ip  based on B.S. 594, and v a lu e s  of 
c were r e c a lc u la te d  assuming t h a t  the  ex p er im en ta l  l in e  passed 
through the c e n t r o id a l  p o in t  o f  the  d a ta .  The r e s u l t s  o b ta in ed
h//Klare  p re sen ted  in  ta b le  29 a long^the  d i f f e r e n c e  between th e se  v a lu es  
and those f o r  the  B.S. 594 r e l a t i o n s h i p .
Table 29:




c on b a s is  
o f B.S. 594 
r e l a t i o n s h ip
c on b a s i s  of 
ex p er im en ta l  l in e  
w ith  slope =
B.S. 594 r e l a t i o n s h ip D iffe ren ce
30 0.7 0.0 0.7
40 0.9 0.2 0.7
55 1.3 0.5 0.8
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This in d ic a te s  t h a t  i f  the  exper im en ta l  l i n e s  are assumed to  be 
p a r a l l e l  to  the B.S. 594 r e l a t i o n s h ip  (equa l m), then  the  e x p e r i ­
m ental l in e s  are  d isp la ce d  approxim ate ly  0.77, by mass below the 
B.S. 594 r e l a t i o n s h i p .
In  the  l i g h t  of t h i s ,  the  au th o r  i s  in c l in e d  to  the o p in ion  th a t
in  f ig u r e s  18 and 19, an approxim ate ly  l i n e a r  r e l a t i o n s h ip  e x i s t s
between M arshall OBC and Stone C onten t, c e r t a i n l y  over the  range
30 to  55% by mass Stone and p o s s ib ly  down to  Stone Contents  of
around 157, by mass. I t  i s  f u r t h e r ,  reasonab le  to  assume th a t
the  slope of t h i s  r e l a t i o n s h ip  i s  approxim ate ly  eq ua l  to  t h a t
in d ic a te d  by the  r e l a t i o n s h ip  between Target Binder Content and
Stone C ontent, accord ing  to  B.S. 594, the  s lope  d ecreas in g  as
the OBC o f  the  m orta r  d e c rea se s .  F u r th e r ,  t h i s  r e l a t i o n s h ip
i s  d isp la ce d  approxim ate ly  0.77, by mass.below the  above as in d ic a te d
/ 1 9 8 }in  f ig u r e s  18 and 19. The r e s u l t s  of Rowe are  p re sen ted
in  f ig u re  19 to  f u r th e r  s u b s ta n t i a t e  t h i s  argument.
( i i i )  E f fe c t  o f  us ing  Binder Content f o r  Maximum S^ in  the
D eterm ination  of OBC:
The B.S. 594 (1973) procedure f o r  s e l e c t io n  of OBC by means of
the M arshall T e s t ,  i s  unique in  the  r e s p e c t  t h a t  the  b in d e r  c o n te n t
fo r  maximum S^ i s  one o f the  c r i t e r i a  upon which the  d e te rm in a t io n
(1 7 )(1 9 )i s  based . Other methods a p p l ic a b le  to  A sp h a lt ic  Concrete 
r e ly  on the b in d e r  c o n ten ts  corresponding  to  maximum S^ and S, 
as w e l l  as c r i t e r i a  r e l a t e d  to  void c o n te n t .  The reasons  f o r  
the  in t ro d u c t io n  o f t h i s  "param eter"  may stem from the  fo l lo w in g :
( i )  The Design C r i t e r i a  used in  connec tion  w ith  A sp h a lt ic  Con-
( 56 ^c r e te  are no t a p p l ic a b le  in  the same form to  H.R.A. The
1 6 4
requirem ent may, th e r e f o r e ,  be m erely a s top-gap  measure u n t i l  
void c r i t e r i a  can be d e f in e d ,  in  terms of r e s u l t s  ob ta in ed  from 
F u l l -S c a le  Road T r i a l s .
( i i )  Optimum b in d e r  c o n ten ts  based on maxima f o r  SM and S a lo n e ,
( 57 )may have been conside red  u n s a t i s f a c to r y  in  some c a se s .
Whatever the  reasons  i t  was conside red  worthwhile in v e s t ig a t i n g  
the  e f f e c t  o f  us ing  the  b in d e r  co n ten t  f o r  maximum fo r  in  con­
ju n c t io n  w ith  those  f o r  maximum SM and S a lo n e ,  in d ic a te d  by P lease  
to  be s a t i s f a c t o r y  in  some in s ta n c e s .
R esu lts  from the p re s e n t  i n v e s t ig a t i o n  and o th e r  w o r k e r s ^ ^  
in d ic a te  t h a t  f o r  m ortar  m ix tu res ,  maximum o ccu rs ,  on average , 
a t  a b in d e r  c o n ten t  0.77» by mass le s s  than  th a t  f o r  maximum S^.
A s im i la r  d i f f e r e n c e ,  on average , was a lso  found f o r  m ix tu res
c o n ta in in g  up to  55% by mass, s to n e .  Obviously, the  use of 
the  b inde r  c o n ten t  corresponding  to  maximum SA w i l l  have the  e f f e c t  
o f  reducing  the  OBC compared to  an OBC based on b in d e r  c o n te n ts  
corresponding  to  the maxima of Sm and S a lo n e .  However, fo r  
both  m ortar  and s t o n e - f i l l e d  m ix tu res  t h i s  d i f f e r e n c e  was found 
to  be only  0 . 27, by mass, on average , and, th e r e f o r e ,  the  e f f e c t
on OBC i s  no t cons idered  s i g n i f i c a n t .
6 .1 .3 .2  R e p e a ta b i l i ty  and R e p r o d u c ib i l i ty :
This p a r t  o f the  in v e s t ig a t i o n  aimed to  a s se s s  the  degree to  which 
t e s t  r e s u l t s  were re p e a ta b le  w i th in  a s in g le  la b o ra to ry  and r e p ro ­
d u c ib le  between 2 l a b o r a to r i e s .
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( i )  Degree of S c a t te r  of Test R e s u l t s :
B.S. 594 r e q u i r e s  2 specimens to  be t e s t e d  a t  each of 12 b in d e r  
c o n te n ts .  In  an a ttem pt to  a s se s s  the  degree of s c a t t e r  of 
r e s u l t s ,  a s s o c ia te d  w ith  d u p l ic a te  specimens, r e s u l t s  were analysed  
in  the  fo llow ing  manner
For each p a i r  of specimens, a t  each b in d e r  c o n ten t  and stone c o n te n t ,
f o r  both  sands A and B, the  Range and Standard D ev ia tion  (see
Appendix E) were determ ined fo r  the  va lues  of S^, S and F o b ta in e d .
Range and Standard D ev ia tion  were found no t to  be in f lu en c ed  by 
b in d e r  co n ten t  f o r  any g iven  Stone C onten t. This being  the  
case  the  mean v a lues  (over a range of b in d e r  c o n te n t ) ,  f o r  each 
Stone Content are  p re sen te d  in  t a b le s  30, 31 and 32, th e se  va lu es  
have u n i t s  as f o r  Sj ,^ S and F, i . e .  g /m l, Newtons and mm r e s p e c t iv e ly .
In  the  case  of d e n s i ty  (S^) n e i t h e r  Range or Standard D ev ia tio n  
appears  to  be CAffected by Stone Content or sand ty p e .  For S t a b i l i t y  
(S) on the  o th e r  hand, both  measures are  a f f e c t e d  by both  Stone 
Content and sand t y p e . Both tend to  in c re a se  as the  Stone Con­
t e n t  and hence the  s t r e n g th  of the  mix in c re a s e s ,  bu t an even 
more pronounced d i f f e r e n c e  occurs  as a r e s u l t  o f  the  type o f  sand 
used. For Flow (F) both  Range and Standard D ev ia tion  appear 
u n a ffe c ted  by Stone Content but aga in  the  in f lu en c e  o f  sand type 
i s  c o n s id e ra b le .
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Tab le  3 0 :











o f -  specinu
Sand A
STANDARD 
Of  pcoV'S 
2ns
Sand B
0 0.008 0 .0 1 0 0.006 0.007
10 0 .0 1 2 0.013 0.009 0.009
20 0.005 0.005 0.003 0.004
30 0.009 0.005 0.006 0.004
40 0.004 0.003 0.003 0.003
55 0 .0 1 0 0.007 0.007 0.005
Table 31 :














M of poors 
2ns
Sand B
0 260 238 184 169
10 338 400 239 283
20 773 223 547 158
30 532 381 376 269
40 264 314 187 222
55 1111 465 786 329
1 6 7
Table 32:
Flow (F) - S c a t t e r  of r e s u l t s  f o r  d u p l i c a te  specimens
Stone
Average RANGE ^  
of- I specimens
Average STANDARD 
DEVIATION of pai/S 
specimens
Content Sand A Sand B Sand A Sand B
0 0.7 0.3 0.5 0.2
10 0.8 0.3 0.6 0.2
20 0.4 0.2 0.3 0 .1
30 0.6 0.4 0.5 0.3
40 0.5 0.2 0.4 0.2
55 0.4 0.5 0.3 0.4
The d a ta  i s  f u r th e r  summarised in  t a b le  33, in d ic a t in g  the  mean 
va lues  o f  Range and Standard D ev ia tion  a s s o c ia te d  w ith  d u p l ic a te  
specimens during  the  course  of t h i s  i n v e s t i g a t i o n .  Also inc luded  
i s  a measure o f  p re c i s io n  t h a t  can be expected  of the  mean of 
d u p l ic a te  specimens, the  Standard E rro r  of the  Mean (see  Appendix 
E).
Table 33:
Average S c a t te r  o f  r e s u l t s  f o r  d u p l ic a te  specimens
SM S F
Range 0.008 440 0.5
Standard
D ev ia tion 0.006 310 0.3
Standard E rro r 
of the  Mean 0.004 220 0.2
In  view of the f a i r l y  h igh  " s c a t t e r "  of S t a b i l i t y  in  p a r t i c u l a r ,  
in c reased  p re c i s io n  (o f  the mean) may be achieved in  any f u r t h e r
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work by in c re a s in g  the  number of specimens t e s t e d  to  4.
( i i )  R e p e a t a b i l i t y :
This was a ssessed  by comparing the  r e s u l t s  ob ta ined  in  d u p l ic a te  
t e s t s  on m ix tu res  c o n ta in in g  sand A, over a range of b in d e r  con­
t e n t s ,  a t  Stone c o n ten ts  o f  0, 30 and 557, by mass. The mean 
va lu es  o b ta ined  f o r  d u p l ic a te  specimens are  p re sen ted  in  Appendix 
D as fo l lo w s :
F i r s t  s e r i e s ,  ta b le s  D .1 .3 .1 ,  D . l .3 .6  and D . l .3 .9  
Second s e r i e s ,  t a b le s  D . l . 3 .2 ,  D . l .3 .7  and D .1 .3 .1 0 .
These r e s u l t s  are  p re sen ted  g r a p h ic a l ly  in  f ig u r e  21. For the  
3 Stone Contents c o n s id e red ,  the  curves of Sm and Sa a g a in s t  b in d e r  
co n ten t  ( w b )  co in c id e  and, t h e r e f o r e ,  the  m ix tu res  t e s t e d  in  each 
s e r i e s  maybe considered  nom inally  i d e n t i c a l  a t  the  time of t e s t i n g . - 
R esu lts  p re sen ted  l a t e r  in d ic a te  t h a t  the  average d i f f e r e n c e  between 
the va lues  o f  b in d e r  co n ten t  corresponding  to  maximum Sm and Sa> 
determined in  d u p l ic a te  t e s t s  i s  only  0 .2  and 0.257, by mass, r e s ­
p e c t iv e ly .
In  the  case  of S t a b i l i t y ,  th e re  i s  some d i f f e r e n c e  in  the  v a lu es  
a t  any given b in d e r  c o n ten t  ( i n  p a r t i c u l a r  maximum s t a b i l i t y )  
and a lso  in  the  b in d e r  co n ten t  correspond ing  to  the  maximum v a lu e ,  
determ ined in  d u p l ic a te  t e s t s ,  see t a b le  34.
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Table 34:






f o r  Maxin 
S t a b i l i t )  
(7. by mas
SERIES 1
















0 11.9 12.3 5.35 5.95 11.7 11.9
30 7.4 7.7 8.60 7.30 7.6 7.7
55 6.2 5.7 10.20 10.60 6.4 6.0
The mean d i f f e r e n c e  in  b in d e r  c o n ten t  f o r  maximum S t a b i l i t y ,  between 
d u p l ic a te  t e s t s  was 0.47o by mass, and the  mean d i f f e r e n c e  in  the  
value o f  maximum S t a b i l i t y ,  between d u p l ic a te  t e s t s  was a p p ro x i­
m ate ly  0.75 kN. F u r th e r ,  the  mean d i f f e r e n c e  in  the  OBC determ ined 
in  d u p l ic a te  t e s t s  was found to  be 0 . 27, by mass.
The au th o r  c o n s id e rs  the  degree of r e p e a t a b i l i t y  of the  b in d e r  
c o n ten ts  correspond ing  to  maximum S^, and S, and the  optimum 
b in d e r  c o n ten t  to  be a c c e p ta b le ,  but the  v a r i a t i o n  a s s o c ia te d  
w ith  maximum S t a b i l i t y  va lues  i s  u n accep tab le .
( i i i )  R e p r o d u c ib i l i ty :
A l im i te d  amount o f  c o -o p e ra t iv e  work was conducted a t  t h e . ESSO 
Research C en tre ,  Abingdon (E .R .C .A .) ,  to  a s se s s  the degree of 
r e p r o d u c ib i l i t y  of t e s t  r e s u l t s .
I n i t i a l l y ,  m orta r  specimens c o n ta in in g  sand A, a t  a s in g le  b in d e r  
co n ten t  were t e s t e d  a t  S h e f f ie ld  and E.R.C.A., the  r e s u l t s  are  
p resen ted  in  t a b le s  D .1 .3 .11  and D . l .5 .2  of Appendix D r e s p e c t iv e ly ,  
and are summarised in  ta b le  35.
172
Table 35:
Summarised R esu lts  - sand A m ortar  mix, s in g le  b inde r c o n ten t  
( S h e f f ie ld  - E.R.C.A.)
Number of
Specimens Mean value f o r  n specimens
Laboratory (n) Sm (g /m l) S (kN)
SHEFFIELD 12 2.098 5.30
E.R.C.A. 6 2.094 5.31
The fo llow ing  s t a t i s t i c a l  s ig n i f ic a n c e  t e s t s  (see  Appendix E) 
were ap p lied  to  the  d a ta  in  o rd e r  to  determ ine i f  the  mean va lu es  
of Sm and S, o b ta ined  in  the  d i f f e r e n t  l a b o r a to r i e s  were s i g n i f i ­
c a n t ly  d i f f e r e n t .
(a )  Student*s T est ( t ) ,  a p p l ie d  to  samples having homogeneous 
v a r ia n c e s ,  and
(b) R atio  o f  Standard D ev ia tions  o f  sample means ( tan © -) ,  
a p p lied  to  samples w ith  non-homogeneous v a r ia n c e s .
The d i f f e r e n c e s  between the mean va lu es  of S^ and S were found 
no t to  be s i g n i f i c a n t  a t  the  5% l e v e l .
A s e r i e s  of d u p l ic a te  m orta r  specimens, co n ta in in g  sand A, having 
the  same com position and b in d e r  c o n te n ts  as those  p re v io u s ly  t e s t e d  
in  S h e f f ie ld  ( t a b l e s  D.1 .3 .1  and D . l .3 .2 )  were then  m anufactured 
and t e s t e d  a t  E .R .C .A ., the  r e s u l t s  a re  p re sen ted  in  t a b le  D .1 .5 .1  
of Appendix D. These r e s u l t s  are  p re sen ted  g r a p h ic a l ly  in  f ig u r e  
22, w ith  the  S h e f f ie ld  r e s u l t s  inc luded  f o r  comparison.
I t  can be seen t h a t  th e re  i s  f a i r l y  good agreement between the  
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by comparing the  b in d e r  c o n ten ts  correspond ing  to  the  maximum 
v a lues  of Sm, Sa and S, determined in  each la b o ra to ry .  See 
ta b le s  36 and 37 r e s p e c t iv e ly .
Table 36 :
R e p ro d u c ib i l i ty  - Binder Contents  fo r  maximum Sm, Sa and S, and 

























E.R.C.A. 12.0 10.9 11.8 11.6
Table 37:
R e p ro d u c ib i l i ty  - Maximum va lu es  of Sm, Sa and S . 




a lues  









E.R.C.A. 2.103 1.868 5.50
The r e s u l t s  p re sen ted  in d ic a te  a h igh  degree of agreement between 
the r e s u l t s  ob ta ined  in  the  two l a b o r a to r i e s .  U n fo r tu n a te ly ,  
t h i s  has only been determ ined on the  b a s i s  of a s in g le  s e t  of 
d u p l ic a te  r e s u l t s  and the  au th o r  i s ,  t h e r e f o r e ,  u n w il l in g  to  take  
t h i s  f o r  g ran ted .  However, i t  would be p le a s in g  to  conclude 
t h a t  the  e f f o r t  taken  to  d u p l ic a te  both equipment and t e s t i n g  
procedure had been rewarded w ith  such a h igh  degree of r e p ro d u c i ­
b i l i t y ,  many more r e s u l t s  would be re q u ire d  to  s u b s t a n t i a t e  t h i s .
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Table 38 in c lu d es  the  r e s u l t s  of some o th e r  workers us ing  s im i la r  
m a te r ia l s  to  those used by the  a u th o r .
Table 38:
Comparison of M arshall  r e s u l t s  f o r  sand A m ortar  m ix tu res  






S t a b i l i t y
(Newtons)
S h e f f ie ld 11.8 5650
E.R.C .A. 11.6 5500
Lab. A (59) 12.5 7010




D ev ia tion 0.5 830
With th e se  a d d i t io n a l  r e s u l t s  inc luded  the  degree o f  v a r i a t i o n  
between l a b o r a to r i e s  has in c re a s e d .  F u r th e r ,  c a l c u la t i n g  re p ro ­
d u c i b i l i t y  (R), as d esc r ib ed  by H i l l s ^ " ^ ^ ^  y i e ld s :  
f o r  R = 2.77 x  s tan d a rd  d e v ia t io n  and
R% = R x  100
mean
R fo r  maximum S t a b i l i t y  = 2.8 kN (37%) and
R f o r  OBC = 1.4% . (12%).
The above are  in  good agreement w ith  r e s u l t s  o b ta ined  in  more
(58 ^ (79 ^ex ten s iv e  i n v e s t i g a t i o n s ,  p re sen ted  e a r l i e r ,  and i t  must,
th e r e f o r e ,  be concluded th a t  the  r e p r o d u c ib i l i t y  of the  M arshall 
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6 . 1 . 3 . 3  Method of Measuring S t a b i l i t y :
I t  has been t e n t a t i v e l y  proposed th a t  c lo se  d u p l ic a t io n  o f  t e s t i n g  
equipment and o p e ra t in g  procedures  may r e s u l t  in  improved re p ro ­
d u c i b i l i t y  of t e s t  r e s u l t s .  With t h i s  in  mind and in  o rd e r  
to  determine i f  the  use of a load c e l l  to  measure S t a b i l i t y ,  in  
p lace  o f  a Proving Ring, has any e f f e c t  on the  r e s u l t s  o b ta in e d ,  
the  fo llow ing  work was c a r r i e d  o u t .
M ixtures com prising , sand A w ith  Stone Contents of 0, 30 and 407, 
by mass, having the  same com position  as m ix tu res  f o r  which r e s u l t s  
have a lre ad y  been p re sen ted  were t e s t e d ,  w ith  the  Load C e l l  rep la ce d  
by the  Load R ing-Transducer arrangement d e sc r ib ed  in  5 .3 .7 .
The mean va lues  o b ta ined  fo r  Sm, S^, S and F, f o r  d u p l ic a te  specimens 
a re  p re sen ted  in  t a b l e s  D .1 .2 .1 ,  D . l . 2 .2  and D . l .2 .3  o f  Appendix 
D, and are  p re sen ted  g r a p h ic a l ly ,  a long w ith  r e s u l t s  o b ta ined  
f o r  i d e n t i c a l  m ix tu res  t e s t e d  using  the  Load C e l l ,  in  f ig u r e  23.
In  g e n e ra l ,  curves  f o r  S^ and S^ a g a in s t  b in d e r  co n ten t  a re  in  
good agreement and i t  i s ,  th e r e f o r e ,  reasonab le  to  assume t h a t  
each s e r i e s  o f  mixes were nom inally  i d e n t i c a l  and th e r e f o r e  t e s t  
method was the  only v a r i a b l e .  This being so, the fo l low ing  
can be noted f o r  a l l  3 s tone c o n te n ts :
(a )  Maximum S t a b i l i t y  as measured by the  Load C e l l  i s  g r e a t e r  
th an  t h a t  measured by the  Load Ring. The mean d i f f e r e n c e  between 
Maximum S t a b i l i t y  determined by the  2 methods was alm ost 1 kN.
(see ta b le  39).
(b) Binder c o n ten ts  corresponding  to  Maximum S t a b i l i t y  f o r  specimens 
t e s t e d  using  the  Load C e l l  were le s s  than  those  determ ined using
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the  Load Ring. The mean d i f f e r e n c e  in  b in d e r  c o n ten t  fo r  Maximum 
S t a b i l i t y  determined by the  2 methods was 1.07, by mass. (see  
ta b le  39).
(c )  Flow measurements were u n a ffe c ted  by t e s t  method, and in  
f a c t  the  r e s u l t s  p re sen ted  in d ic a te  good r e p e a t a b i l i t y .
Table 39 :
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I t  can be seen th a t  the  d i f f e r e n c e s  between t e s t  method become 
more pronounced f o r  the  S to n e - f i l l e d  m ix tu res  and th a t  the  mean 
d i f f e r e n c e s  are  c o n s id e ra b ly  g r e a t e r  th an  those  in d ic a te d  f o r  
d u p l ic a te  t e s t s  when t e s t  method was c o n s ta n t .  However, when 
mean d i f f e r e n c e  in  OBC, determined by the  2 methods was c a l c u la te d  
i t  was found to  be r e l a t i v e l y  sm all ,  0.37» by mass.
To in v e s t ig a te  t h i s  f u r t h e r ,  the  fo llow ing  m ix tu res  were t e s t e d ,
12 specimens of each , by each method
M ortar sand A, s in g le  b in d e r  c o n ten t  ( t a b l e s  D .1 .2 .4 ,  D .1 .3 .1 1 )
307, s to n e ,  sand A, s in g le  b in d e r  c o n ten t  ( t a b l e s ,  D . l . 2 . 5 ,  D .1 .3 .1 2 ) .
The mean va lues  fo r  12 specimens t e s t e d  by each method a re  sum­
m arised in  t a b le  40.
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Table 4 0 :
E f fe c t  of Test Method on M arshall R esu lts  ( s in g le  b in d e r  c o n te n t)
Stone Content D ensity  (Sm) g/ml S t a b i l i t y  (S) kN
(7o by mass) CELL RING CELL RING
0 2.098 2.098 5.30 4.80
30 2.247 2.242 6.58 6.15
S t a t i s t i c a l  s ig n i f ic a n c e  t e s t s  were ap p lied  as befo re  and i t  was 
found th a t  the  d i f f e r e n c e  between the  mean va lues  o f  S t a b i l i t y ,  
determ ined by the  2 methods was s i g n i f i c a n t  a t  the 57» l e v e l .
The a u th o r ,  t h e r e f o r e ,  c o n s id e rs  the  d i f f e r e n c e  to  r e s u l t  from 
the  f a c t  t h a t  d i f f e r e n t  methods were used to  measure S t a b i l i t y ,  
a l though  more work would be re q u ire d  to  prove t h i s  c o n c lu s iv e ly .
The reason  f o r  the  observed d i f f e r e n c e  i s  n o t immediately a p p a ren t ,  
a lthough  the au tho r  co n s id e rs  i t  may be ex p la ined  as fo l lo w s .
The Load Ring u n lik e  the  Load C e l l  deforms in  o rd e r  to  measure 
the  ap p lied  fo rce  and t h i s  would have the  e f f e c t  o f  reduc ing  the  
r a t e  a t  which load i s  a p p lied  to  specimens t e s t e d  by t h i s  method, 
as compared to  those  t e s t e d  by the  Load C e l l .  Coupled w ith  
the tim e-dependant behaviour o f  bituminous m i x t u r e s t h i s  
would a f f e c t  the  measured s t r e n g th ,  ( t h a t  measured by the  Load 
C e l l  would be expected  to  be g r e a te r  than  t h a t  measured by the  
r i n g ) .  F u r th e r ,  f o r  S to n e - f i l l e d  m ix tu re s ,  the  deform ation  
o f the  r in g  would in c re a se  (due to  in c reased  s t r e n g th )  and, t h e r e ­
f o r e ,  the  d isagreem ent between the  2 methods maybe expec ted  to  
in c re a se  fo r  such m ix tu res ,  as indeed was the  c a se .
6 .1 .3 .4  E stim ation  of M arshall OBC fo r  Mortar M ix tu re s .
Having conducted s e v e ra l  t e s t  ru n s ,  co n s id e ra b le  advantage was
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derived  from the f a c t  t h a t  i t  became p o s s ib le  to  a c c u ra te ly  p r e d ic t  
the  OBC of m ix tu res  cpmprised of s im i la r  c o n s t i t u e n t s .  This 
saved the  time and e f f o r t  involved  in  c a r ry in g  out p re l im in a ry  
work to  e s t a b l i s h  the  range of b in d e r  c o n ten ts  over which t e s t s  
were to  be conducted, and a lso  made i t  p o s s ib le  to  reduce the 
number of b in d e r  c o n ten ts  considered  in  each  t e s t .
S im ila r  advantages could be gained i f  i t  were p o s s ib le  to  e s t im a te  
the  OBC o f m orta r  m ix tu res  p r io r  to  c a r ry in g  ou t a mix design  
to  B.S. 594. Binder requirem ent of H.R.A. m ix tu res  i s  dependant 
p r im a r i ly  upon the void space p re se n t  in  the  compacted aggregate  
s t r u c t u r e ,  which i s  c o n t r o l le d  to  a la rg e  e x te n t  by the  packing 
c h a r a c t e r i s t i c s  of the  sand f r a c t i o n .  For t h i s  reason  the  au th o r  
decided to  i n v e s t ig a te  the  r e l a t i o n s h ip  between M arshall OBC and 
the  Void Content o f  the  compacted sand, determined in  accordance 
w ith  B .S. 812, p a r t  2 ^ ^ ^  (Compacted Bulk D ensity  T e s t ) .  The 
r e l a t i o n s h ip  shown in  f ig u re  24, i s  based upon d a ta  o b ta ined  during  
the  p re sen t  work bu t a lso  in c lu d es  work by P r ice  and R o w e .^ ^ ^
A f a i r l y  s tro n g  l i n e a r  r e l a t i o n s h ip  ( r  = 0 .9 )  e x i s t s  between, 
the  % Voids in  Compacted Sand and the  M arshall OBC f o r  m orta r  
m ix tu re s ,  comprised o f  t h a t  sand. The au th o r  c o n s id e rs  t h a t  
a r e l a t i o n s h ip  of t h i s  type could be used to  e s t im a te  M arsha ll 
OBC to  an accuracy  o f ^  1% by mass, which would be s u f f i c i e n t l y  
accu ra te  f o r  p r a c t i c a l  pu rposes. A s im i la r  r e l a t i o n s h ip  between
( 11 )M arshall OBC and a "m odified" bulk  d e n s i ty ,  i s  re p o r te d  by P le a se ,  
bu t in fo rm atio n  reg a rd in g  i t s  use i s  no t w idely  a v a i l a b l e .
6 .1 .3 .5  Criti-cpzof B.S. 594 Design Method.
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the mix i s  t e s t e d ,  f o r  the  fo llow ing  reaso n s :
( i )  in  the  norm ally used, 30% s tone H.R.A. m ix tu res ,  t h i s  p o r t io n
of the  mix i s  the  major c o n s t i tu e n t
( i i )  i t  i s  t h i s  p o r t io n  which c o n t ro ls  to  a la rge  e x te n t ,  the
b in d e r  requ irem ent o f  the  mix
played lAfge. ro lt .( i i i )  i t  a lso  J  ^ '  ^ the  s t r e n g th  t h a t  w i l l  be developed
by the  mix
( 58)( iv )  g ives  s l i g h t l y  b e t t e r  r e p r o d u c ib i l i t y .
Although t h i s  approach improves upon the  re c ip e  method o f s p e c i f i ­
c a t io n ,  the a p p l i c a t io n  o f  the  d esign  procedure to  the  T o ta l-m ix , 
co arse -a g g re g a te  inc lu d ed , would seem a more l o g ic a l  approach to  
the  problem. In  p a r t i c u l a r ,  two p o in ts  r e l a t e d  to  t h i s  a r i s e  
from the c u r r e n t  p rocedure:J
( i )  In  s e l e c t in g  Target Binder Contents  f o r  S to n e -F i l le d  m ix tu re s ,  
based on the  optimum b in d e r  c o n ten t  of the  m o rta r ,  th e re  i s  no 
guaran tee  t h a t  the  procedure used leads  to  the  p ro d u c tio n  o f  mix­
tu r e s  having a com position , and in  p a r t i c u l a r  a b in d e r  c o n te n t ,  
most su i te d  to  a g iven  a p p l i c a t io n .
( i i )  The Design C r i t e r i a  con ta ined  in  H D /3 /7 9 ^ ^  in  terms of 
p r o p e r t i e s  of the  m orta r  mix a t  OBC, in  p a r t i c u l a r  those  f o r  the  
h ig h e s t  t r a f f i c  c a te g o r ie s  can only  be a t t a in e d  by a r e l a t i v e l y  
few a v a i la b le  sands.
I f  the  design  procedure were conducted on the  T o ta l  Mix and i f  
Design C r i t e r i a  were s p e c i f i e d  in  terms of the  T o ta l  Mix, i t  i s  
more l i k e l y  t h a t  "optimum” com positions, accep tab le  from the  p ra c ­
t i c a l  p o in t  of view, would be a r r iv e d  a t .
Leaving t h i s  a s id e ,  in  o rd e r  to b r in g  a t t e n t i o n  to  a few p o in ts
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a r i s in g  from the e x ec u tio n  o f the procedure in  i t s  p re s e n t  form.
( i )  The s p e c i f i c a t i o n  of a c o n s ta n t  6:1 r a t i o ,  of sand to  f i l l e r ,  
unduly l im i t s  the  com position  of the  m ix tu res  t e s t e d .  In  p a r t i c ­
u l a r  i t  tak es  no account of the  e f f e c t  of % f i l l e r  and the  F i l l e r  : 
Binder r a t i o ,  which can have a c o n s id e ra b le  e f f e c t  on the  p r o p e r t i e s  
of sand a s p h a l t s  .
( i i )  The number of b in d e r  c o n ten ts  t e s t e d  (12 ) ,  i s  c o n s id e ra b le  
and consequen tly , m ix tu res  a t  e i t h e r  end o f the  range a re  d i f f i ­
c u l t  to  manufacture and t e s t ,  being lack ing  o r  too r i c h  in  b in d e r .
(17)(79)( i i i )  Unlike o th e r  s tan d a rd s  '  f o r  the  M arshall t e s t ,  the
tem pera tu res  a t  which mixing and compaction are  to  be c a r r i e d  
o u t ,  are  not s p e c i f i e d  as e q u i-v is co u s  tem p e ra tu res .  The use
of the  l a t t e r  would be of p a r t i c u l a r  importance i f  b in d e rs  o f  
d i f f e r e n t  rh e o lo g ic a l  type are  to  be used.
( i v )  T es ts  are  conducted a t  60°C which i s  r a t h e r  severe  in  term s 
of normal U.K. c l im a t ic  c o n d i t io n s .  A tem perature  of 45°C might 
be more a p p ro p r ia te  f o r  U.K. c o n d i t io n s .
(v) There i s  no in d ic a t io n  g iven  in  the  s tan d a rd ,  as to  the  degree 
o f  p re c i s io n  re q u ire d  of the  t e s t  r e s u l t s ,  i . e .  r e p e a t a b i l i t y  and 
r e p r o d u c i b i l i t y .
The l a t t e r ,  degree of r e p r o d u c ib i l i t y  i s  considered  to  be poor, 
th e re  are  s e v e ra l  a reas  in  the p re s e n t  procedure where t h i s  may 
be improved.
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( i )  Regarding compaction of specimens, the s p e c i f i c a t io n  of the  
Automatic compactor alone would be of a s s i s ta n c e  in  removing the 
in h e re n t  v a r i a t i o n  apparen t in  the  manual method. In  a d d i t io n ,  
some way of a s s e s s in g  the  compactive e f f o r t ,  along the  l in e s  of 
the  "Penny T e s t " ^ '* '^  would be d e s i r a b le  to  ensure  c o n s is ten cy
of r e s u l t s .
( i i )  P o ss ib le  re d u c t io n  in  number of b in d e r  c o n ten ts  t e s t e d ,  
to  a llow  the number of specimens a t  each b in d e r  co n ten t  to  be 
in c re a se d  to  4.
( i i i )  In  view of the  r e s u l t s  p re sen ted  in  6 .1 .3 .3 ,  a much more 
d e ta i l e d  s p e c i f i c a t i o n  of t e s t i n g  method and equipment, would appear 
to  be n e ce ssa ry .
6 .1 .3 .6  Summary of Conclusions
( i )  The M arshall t e s t  r e l i e s  f o r  i t s  co n s is te n ce  upon speed, 
o rg a n is a t io n  and a t t e n t i o n  to  d e t a i l .
( i i )  P rov id ing  a t e s t i n g  machine capab le  o f app ly ing  load to  s p e c i ­
mens a t  a c o n s ta n t - r a t e  of s t r a i n  throughout the  t e s t ,  th e re  i s
no reason  to  q u es t io n  the  v a l i d i t y  of the  method d e sc r ib ed  in  
5 .3 .7 ,  f o r  the  d e te rm in a tio n  of S t a b i l i t y  and Flow. This approach 
i s  cons ide red  to  in c re a se  the  r e l i a b i l i t y  of th ese  d e te rm in a t io n s  
as any human element i s  removed.
( i i i )  No p r a c t i c a l  problems arose  from the  a p p l i c a t io n  o f  the  
M arshall t e s t  procedure to  H.R.A. m ix tu res  c o n ta in in g  up to  557a 
by mass, coarse  ag g reg a te .
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( iv )  Optimum b in d e r  c o n te n t s ,  determined fo r  S to n e -F i l le d  m ix tu res  
appeared to  be in v e r s e ly  p ro p o r t io n a l  to  Stone C onten t, over the  
range 30 - 557, by mass.
(v) T arget b in d e r  c o n ten ts  ( f o r  stone f i l l e d  m ix tu res )  determ ined 
accord ing  to  B.S. 594 appear to  be, on average , 0.77o by mass g r e a te r  
th an  the  OBC determ ined by the  M arshall method, over the  range
30 - 5570 by mass, coarse  ag g reg a te .
i(v i )  For d u p l ic a te  M arshall t e s t  runs in  a s in g le  l a b o r a to r y , f o r  
H.R.A. m ix tu res  c o n ta in in g  between 0 - 557, by mass co arse  aggreg­
a t e ,  the average d i f f e r e n c e  between runs was found to  be:
f o r ,  b in d e r  co n ten t  f o r  maximum SM = 0 .2  )
b in d e r  co n ten t  f o r  maximum SA = 0.25 ) _ ,A 7o by mass
b in d e r  co n ten t  fo r  maximum S = 0 .4  )
M arshall optimum b in d e r  c o n ten t  = 0 . 2  )
maximum S t a b i l i t y  = 0.75 kN.
( v i i )  I n s u f f i c i e n t  d a ta  was o b ta ined  to  a llow  reasonab le  a s s e s s ­
ment of r e p r o d u c ib i l i t y .  However, i t  i s  t e n t a t i v e l y  suggested  
t h a t  d e ta i l e d  d u p l ic a t io n  of procedures  and equipment may lead
to  good agreement between r e s u l t s  ob ta in ed  in  d i f f e r e n t  l a b o r a to r i e s .
( v i i i )  I n d ic a t io n s  are  th a t  va lues  of maximum S t a b i l i t y ,  and
the b in d e r  c o n ten t  corresponding  to  maximum S t a b i l i t y ,  are  i n f l u e n ­
ced by the  method employed to  measure S t a b i l i t y .
( ix )  I t  i s  p o s s ib le  to  e s t im a te ,  to  an accuracy of *  1%, the
OBC o f m ortar  m ix tu res ,  based on th e .v o id  c o n ten t  of the  compacted 
sand.
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6.2  In d i r e c t - T e n s i l e  Test R esu lts  and Comparison w ith  M arshall
R e s u l t s :
6 .2 .1  Comments on Test Procedure
6 .2 .1 .1  In t ro d u c t io n
The development of the  appara tu s  and procedures used in  the  exe­
c u t io n  o f  t h i s  t e s t  have a lre a d y  been d esc r ib ed  ( 5 .4 ) .  What 
has a l re ad y  been sa id  in  s e c t io n s  6 .1 .1 .2 ,  6 .1 .1 .3 ,  6 .1 .1 .4  and
6 .1 .1 .5  reg a rd in g  Mixing and Compaction, d e te rm in a t io n  of fo rce  
and de form ation , and o p e ra t in g  p rocedures  and equipment, f o r  the  
M arshall t e s t ,  a re  a lso  a p p l ic a b le  to  t h i s  method of t e s t  as used 
in  the  p re se n t  in v e s t ig a t i o n .  In  the  fo llow ing  s e c t io n s  a t t e n t i o n  
w i l l  be drawn to  s e v e ra l  p o in t s ,  a r i s i n g  from the development 
and use of t h i s  t e s t  method, which are  a p p l ic a b le  only  to  t h i s  
method.
6 .2 .1 .2  V a l id i ty  of Test Method:
I t  was p re v io u s ly  noted in  Chapter 2 t h a t  a b a s ic  requ irem ent 
o f  the t e s t  i s  th a t  the  specimen f a i l s  in  te n s io n .  F u r th e r ,  
i f  the  t e n s i l e  f a i l u r e  i s  i n i t i a t e d  c lo se  to  the  c en tre  of the  
specimen th e re  i s  l i t t l e  reason  to  doubt the  v a l i d i t y  of the  r e s ­
u l t s  o b ta in ed .  In  o rd e r  to  in v e s t ig a te  the  mode o f f a i l u r e
of t e s t  specimens, the  fo llow ing  m ix tu res  were made up and t e s t e d  
in  i n d i r e c t  te n s io n :
sand B, m o rta r ,  s in g le  b in d e r  co n ten t  (12 specimens) 
sand B, 307, s to n e ,  s in g le  b in d e r  c o n ten t  (12 specim ens).
The su rface  of each specimen had p re v io u s ly  been coated  w ith  a 
m ixture of lim estone dus t and w a te r ,  t h i s  allowed the p o in t  a t  
which a c rack  f i r s t  appeared on the  su rface  to  be i d e n t i f i e d  and 
n o ted . The v e r t i c a l  d iam eter was d iv ided  in to  16 zones (see
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f ig u re  25), and each f a i l u r e  was a l lo c a te d  to  one of th e se  zones 
depending upon where the c rack  was f i r s t  noted on the  su r fa c e .
A frequency d i s t r i b u t i o n  was b u i l t  up from the r e s u l t s  o b ta ined  
and i s  p re sen ted  in  f ig u re  25, both s e t s  of m ix tu res  have been 
in c lu d ed , as l i t t l e  d i f f e r e n c e  was found between them. I t  app­
e a r s  t h a t  the  o r ig i n  o f the  f a i l u r e  (appearance a t  the  su rface  
anyway) i s  in  most cases  c lo se  to  the  c e n tre  of the  specimen.
The a c tu a l  mode of f a i l u r e  o f specimens i s  i l l u s t r a t e d  in  f ig u re  
26, which in d ic a te s  the  fo rm ation  of *V* shaped wedges a t  the  
top and bottom of specimens, w ith  a c e n t r a l  v e r t i c a l  p lane of 
f a i l u r e  along the  loaded d iam e te r .  For specimens c o n ta in in g  
coarse  ag g reg a te ,  the  f a i l u r e  p lane was confined  mainly to  the  
m ortar  p o r t io n  o f  the  mix, a lthough  f r a c tu r e  of some coarse  aggre ­
gate  p a r t i c l e s  was apparen t in  some cases. '
I t  seemed reasonab le  to  conclude th a t  f a i l u r e  was a r e s u l t  o f  
t e n s i l e  s t r e s s  a c t in g  p e rp e n d icu la r  to  the v e r t i c a l  d iam e te r ,  
a lthough  the e f f e c t  o f  the  "wedges" formed during  the  t e s t ,  on 
the  measured s t r e n g th  was unknown.
A couple of f u r t h e r  p o in ts  r e l a t e d  to  t e s t i n g  are  worthy o f n o te :
( i )  the  use of s t e e l  loading  s t r i p s  was conside red  e s s e n t i a l  
as i t  was conside red  d e s i r a b le  to  measure the  v e r t i c a l  de fo rm ation  
undergone by the specimen, a t  f a i l u r e
( i i )  t h i s  method of t e s t i n g  has found ex ten s iv e  a p p l i c a t i o n
to  " b r i t t l e "  m a te r i a l s ,  the  behaviour of such m a te r ia l s  more c lo s e ly  
re p re se n t in g  t h a t  upon which the theo ry  i s  based. I t  was hoped 
th a t  the use of a f a i r l y  h igh  r a t e  of s t r a i n  (50.8  mm/min) during  
the  t e s t ,  along w ith  the f a c t  th a t  t e s t s  were conducted a t  25°C
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would tend to  induce the  H.R.A. m ix tu res  t e s t e d  to  behave in  a 
manner approxim ating th a t  of b r i t t l e  m a te r i a l s .  However, t h i s  
com bination may no t be condusive to  the  assessm ent of f a c to r s  
e f f e c t i n g  r e s i s t a n c e  to  deform ation .
6 .2 .1 .3  Test Specimens:
M arshall t e s t  specimens were found adequate f o r  t h i s  purpose f o r  
a number of r e a s o n s :
( i )  the  equipment and procedures f o r  t h e i r  m anufacture were 
a l re ad y  a v a i l a b le ,
( i i )  f o r  the  purposes o f comparing the  r e s u l t s  o b ta in ed  
in  the  I n d i r e c t - t e n s i l e  t e s t  w ith  those  o f  M arshall t e s t s
on i d e n t i c a l  m ix tu re s ,  i t  was d e s i r a b le  to  use the  same method 
of compaction, such th a t  t e s t  method was the  only  v a r ia b le  
being c o n s id e red ,
( i i i )  a l im ite d  number of t e s t s  a t  room tem perature  oh s p e c i ­
mens 101.6 mm d ia  x 200 mm long (4 in  x  8 in )  in d ic a te d  th a t  
the  t e s t i n g  machine was no t capab le  o f  app ly ing  s u f f i c i e n t
fo rce  to  cause f a i l u r e ,
( 198}( iv )  Rowe re p o r t s  a number of d i f f i c u l t i e s  in  f a b r i c a t ­
ing specimens using  o th e r  methods o f  compaction, which would 
have taken  c o n s id e rab le  time and e f f o r t  to  overcome.
6 .2 .2  A nalysis  and P r e s e n ta t io n  of R e s u l t s :
In d i r e c t - T e n s i l e  T es ts  were conducted using  the  a p p ara tu s  d e sc r ib e d  
in  5 .4 .3 ,  according  to  the procedure s e t  out in  Appendix B.
For each o f  the  Stone Contents conside red  ( ta b le  13), two specimens 
were te s t e d  a t  each of s e v e ra l  b in d e r  c o n te n t s .  The b in d e r  
co n ten ts  t e s t e d ,  corresponded to  those used in  the M arsha ll  in v e s ­
t i g a t i o n .
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For each specimen t e s t e d  the fo llow ing  p r o p e r t ie s  were determined 
in  the  manner in d ic a te d  in  5 .3 .5 ,  5 .3 .6  and 5 .4 .3 .
Sa , Vm, Va and Vp (see  6 .1 .2 )
2I n d i r e c t  T en s ile  S tren g th  ( I . T . S . )  N/mm
V e r t ic a l  Deformation a t  F a i lu re  (A.D) mm
T en s ile  Q uotien t (T) N/mm
For each Stone Content the  mean va lu es  o b ta ined  a t  each b in d e r  
co n ten t  f o r  d u p l ic a te  specimens are  p re sen ted  in  s e c t io n s  D.2.2 
(sand A) and D .2.4 (sand B), of Appendix. D.
For a l l  Stone C on ten ts ,  th e se  va lues  (mean f o r  d u p l ic a te  specimens) 
were p lo t t e d  a g a in s t  b in d e r  c o n ten t  (Wg) and smooth cu rves  were 
drawn through the p o in t s .  The r e s u l t i n g  graphs f o r  s e le c te d  
Stone Contents (07<>, 307« and above) a re  p re sen ted  in  s e c t io n s  D .2.3 
(sand A) and D.2.5 (sand B), of Appendix D.
6 .2 .3  D iscussion  of R esu lts
6 .2 .3 .1  Optimum Binder Contents Determined from the I n d i r e c t -  
T en s ile  T e s t :
This p a r t  o f  the  i n v e s t i g a t i o n  s e t  ou t to  determ ine i f  an optimum 
b in d e r  c o n te n t ,  f o r  each Stone C onten t, could be de f ined  in  terms 
o f the  r e s u l t s  o b ta ined  in  the I n d i r e c t  T en s ile  T e s t ,  in  a manner 
s im i la r  to  t h a t  used in  the  M arshall des ign  p rocedure .
( i )  Binder co n ten ts  f o r  maximum S^ and S^:
I n d i r e c t - t e n s i l e  t e s t  specimens, had nom inally  the  same compo­
s i t i o n ,  and were compacted in  the  same manner as those  t e s t e d  
by the  M arshall method. Hence i t  might be expected  t h a t  
the r e l a t i o n s h ip  between S^ and S^, and b inder  c o n te n t ,  would 
be the  same as th a t  found in  the  M arshall t e s t s ,  and, t h e r e f o r e ,
193
the  va lu es  of the  b in d e r  c o n ten ts  corresponding  to maximum 
and Sa cou ld , th e r e f o r e ,  be used, in  p a r t ,  in  the d e f i n i t i o n  of 
an OBC. From the  graphs of and Sa a g a in s t  b in d e r  c o n te n t ,  
the  b in d e r  c o n ten t  correspond ing  to  maximum values  of and Sa 
were determined f o r  each stone co n ten t  and are  p re sen ted  in  t a b le s  
41 and 42, f o r  sand A and sand B r e s p e c t iv e ly .
Table 41
Sand A - In d i r e c t - T e n s i l e  Test Optimum Binder Contents
Stone Content 
(7o by mass)
0 10 20 30 40 55
Binder Content 
f o r  maximum S^ 12.0 10.8 9.6 8 .5 7.7 6.6
Binder Content 
f o r  maximum Sa 11.0 10.0 8 .5 7.2 6.6 5.7
Binder Content 
f o r  maximum 
ITS 11.3 10.5 8.8 7.3 6.8 5.2
T en s ile  OBC 11.4 10.4 9 .0 7.7 7 .0 5 .8
Table 42
Sand B - I n d i r e c t - T e n s i le  Test Optimum Binder Contents
Stone Content 
(7, by mass)
0 10 20 30 38 55
Binder Content 
f o r  maximum Sm 8 .2 7.2 6.7 5.8 5.5 4 .9
Binder Content 
f o r  maximum Sa 7.1 6.5 6.2 5.7 4 .8 4 .0
Binder Content 
f o r  maximum ITS 7.0 6.5 6 .0 5 .2 4 .4 4 .2
T ens ile  OBC 7.4 6.7 6.3 5 .6 4.9 4 .4
( a l l  7o by mass)
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I f  these  r e s u l t s  are  compared w ith  those  ob ta ined  f o r  the  M arshall 
t e s t  ( t a b le  24 and 25), in  the manner of f ig u re  27, i t  can be seen 
t h a t  th e re  i s  good agreement between the two s e t s  of r e s u l t s .
The mean d i f f e r e n c e  between d u p l ic a te  t e s t s  being only  0 .2  and 
0.257o by mass o f  b in d e r  c o n te n t ,  f o r  Sj  ^ and maxima r e s p e c t iv e ly .
( i i )  Binder Content f o r  Maximum In d i r e c t - T e n s i l e  S tren g th  
The graphs of ITS a g a in s t  b in d e r  c o n ten t  (appendix  D) in d ic a te  
t h a t  l ik e  M arshall S t a b i l i t y ,  as b in d e r  co n ten t  i s  in c re a se d ,
ITS in c re a s e s  to  a maximum and then  f a l l s  o f f .  I t  i s ,  t h e r e f o r e ,  
p o s s ib le  to  use the  b in d e r  c o n ten t  correspond ing  to  Maximum ITS, 
in  d e f in in g  an OBC.
For each Stone C ontent, the  b in d e r  co n ten t  corresponding  to  maxi­
mum ITS has been determined and jS;„ inc luded  in  t a b le s  41 and 
42 f o r  sand A and sand B r e s p e c t iv e ly .  I f  the  b in d e r  c o n te n ts  
corresponding  to  maximum ITS are  compared w ith  those  co rrespond ing  
to  maximum M arshall S t a b i l i t y ,  f o r  each stone c o n te n t ,  as in  f ig u r e
28, i t  can be seen th a t  in  each case th e se  two b in d e r  c o n te n ts  ____
are approxim ate ly  e q u a l .  The mean d i f f e r e n c e  between the  two 
i s  0.37o by mass o f  b in d e r  c o n te n t .
In  the  au thor*s  op in ion  the  f a c t  the  specimens f o r  both  t e s t s  
were compacted in  the  same manner goes a long way to  e x p la in in g  
t h i s  o b se rv a t io n .
( i i i )  Optimum Binder Content based upon In d i r e c t - T e n s i l e  T es t 
R esu lts
I t  i s  p o s s ib le ,  t h e r e f o r e ,  th a t  an OBC, de fined  in  terms of I n d i r e c t -  
T en s ile  t e s t  r e s u l t s ,  (based on the mean of b in d e r  c o n te n ts  c o r r ­
esponding to  maximum Sm, Sa and ITS) might be in  c lo se  agreement
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w ith  Marshall  OBC's f o r  the  same m ix tu res .
OBC1s determined f o r  each Stone C ontent, in  the  above manner are  
inc luded  in  t a b le s  41 and 42 fo r  sand A and sand B r e s p e c t iv e ly ,  
and are compared w ith  M arshall OBC's f o r  the  same m ix tu res  in  
f ig u r e  29. The mean d i f f e r e n c e  between the OBC's determ ined 
in  each manner, a t  each Stone C ontent, and i s  le s s  than  0.27o by 
mass of b inde r  c o n te n t .
The au thor c o n s id e rs  t h i s  good agreement to  have a r i s e n  fo r  the  
reasons s t a t e d  p re v io u s ly ,  and th e r e f o r e ,  ta k in g  r e s u l t s  a t  face  
value may no t give a c l e a r  r e p r e s e n ta t io n  o f the  a c tu a l  s i t u a t i o n .
6 .2 .3 .2  Comparison o f M arshall and I n d i r e c t - T e n s i le  R e s u l t s :
As mentioned e a r l i e r ,  specimens fo r  both  t e s t s  had nom inally  i d e n t i  
c a l  com position and were compacted in  the  same manner. T herefo re  
when comparing the  v a lues  of " s t r e n g th "  determined by each  method, 
the only v a r ia b le  should be t e s t  method (method of load a p p l i c a t i o n  
tem p era tu re , and param eters  m easured).
I t  has been shown th a t  the  b in d e r  c o n ten ts  co rrespond ing  to  maxi­
mum and S^, fo r  each s e r i e s  o f  specimens t e s t e d  by each  method, 
d i f f e r e d  very l i t t l e .  Taking t h i s  a s tage  f u r t h e r ,  f ig u r e s  
30 and 31, in d ic a te  how w ell  the  curves  fo r  a g a in s t  b in d e r  
co n ten t  are  in  agreement, f o r  each Stone C ontent, f o r  sand A and 
sand B r e s p e c t iv e ly .
Taking the  r e s u l t s  as a whole, th e re  i s  good agreement between 
the curves fo r  specimens t e s t e d  by each method.
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of 30 and 407<> by mass were due to  m a lfu n c tio n in g  of the  compactor, 
mentioned e a r l i e r .
I t  i s ,  t h e r e f o r e ,  reasonab le  to  assume th a t  t e s t  method i s  the 
only  v a r ia b le  when comparing r e s u l t s  ob ta ined  f o r  s im i la r  m ix tu re s .
( i )  M arshall S t a b i l i t y  v s .  I n d i r e c t - T e n s i l e  S t r e n g th ;
For each sand, a t  Stone C ontent, the  va lu es  of M arshall  S t a b i l i t y  
(S) and In d i r e c t - T e n s i l e  S tren g th  (ITS) determined (each f o r  d u p l i ­
ca te  specimens) a t  each  b in d e r  c o n te n t ,  were e x t r a c te d  from the 
a p p ro p r ia te  r e s u l t s  t a b le s  (appendix  D) and p lo t t e d  as shown in  
f ig u re  32. In  each c a se ,  an approx im ate ly  l i n e a r  r e l a t i o n s h ip  
e x i s t s  between S and ITS, of the  form 
y = m^c+ c
2 - 1y = In d i r e c t - T e n s i l e  S tren g th  (N/mm x 10 )
DC = M arshall S t a b i l i t y  (kN) 
c = I n te r c e p t  on y -a x is  
m = Slope of b e s t - f i t  s t r a i g h t  l i n e .
The va lu es  of m and c were determ ined by L inear R egression  (see  
appendix E) and are  p resen ted  in  t a b le s  43 and 44, f o r  sand A and 
sand B r e s p e c t iv e ly .
Table 43
Sand A - m and c f o r  L inear r e l a t i o n s h ip s  in d ic a te d  in  f ig u r e  32 .
Stone Content 
(7» by mass) 0 10 20 30 40 55
SLOPE (m) 0.33 0.62 0.47 0.59 0.45 0.01
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Sand B - m and c fo r  L inear r e l a t i o n s h ip s  in d ic a te d  in  f ig u re  32
Stone Content 
(7o by mass) 0 10 20 30 38 55
SLOPE (m) 1.1 0.80 1.4 0.27 1.5 1.6
INTERCEPT (c) 2.8 3.8 -0 .2 6.2 -1 .3 -3 .4
Although the num erical va lu es  of m and c are  no t in  p a r t i c u l a r l y  
good agreement, a v i s u a l  assessm ent o f  f ig u r e  3Z in d ic a te s  a rea so n ­
ab le  co n s is te n cy  of the  r e l a t i o n s h ip  over the  Stone C ontents  con­
s id e re d ,  f o r  each sand. Consequently when the r e s u l t s  f o r  a l l  
Stone Contents are  conside red  to g e th e r ,  f ig u r e s  33 and 34, f o r  
sand A and sand B r e s p e c t iv e ly ,  in  each case a f a i r l y  s t ro n g  l i n e a r  
r e l a t i o n s h ip  i s  found to  e x i s t  between M arshall S t a b i l i t y  (S) 
and I n d i r e c t - T e n s i l e  s t r e n g th  (IT S), 
f o r  sand A
ITS = (0 .46 )S  + 3.6
c o r r e l a t i o n  c o e f f i c i e n t  ( r )  = 0.91
f o r  sand B
ITS = (0 .52)S  + 4 .6  
r  = 0 .54 .
The lower degree of l i n e a r  a s s o c ia t i o n  in d ic a te d  f o r  sand B ( r  = 0 .5 4 ) ,  
r e s u l t s  from the f a c t  th a t  f o r  the  lowest b in d e r  c o n ten t  c o n s id e re d  
a t  each Stone Content, va lues  of ITS are  r e l a t i v e l y  low w h i l s t  
va lues  of S remain r e l a t i v e l y  h ig h .  This causes the in c re a se d  
s c a t t e r  in  r e s u l t s ,  and leads  one to suppose th a t  i f  they  were 
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The r e l a t i o n s h ip s  derived  from the ex p er im en ta l  d a ta ,  i n d i c a t e ,  
th a t  f o r  both  sands, the  s lopes  of the  " b e s t - f i t "  s t r a i g h t  l in e s  
are  approxim ate ly  equa l ( 0 .5 ) ,  but the  in t e r c e p t  va lu es  d i f f e r  
co n s id e ra b ly .
I t  would, th e r e f o r e ,  appear t h a t  the  r e l a t i o n s h ip  depends upon 
the n a tu re  of the  sand. This i s  b e s t  i l l u s t r a t e d  by r e f e r r i n g  
to f ig u r e  35 in  which a l l  the  ex per im en ta l  d a ta  i s  c o n s id e red .  
Although th e re  i s  s l i g h t  o v e r - la p ,  i t  i s  c l e a r  t h a t  the  s t r a i g h t -  
l in e  r e l a t i o n s h ip  de r ived  on the  b a s is  o f  the  ex perim en ta l  d a ta :  
ITS = (0 .38 )S  + 4 .8
( r  = 0 .53)
does no t d e sc r ib e  the  s i t u a t i o n  as ad eq u a te ly ,  as a s e p a ra te  r e l ­
a t io n s h ip  der ived  fo r  each sand.
The f a c t  t h a t  an approximate L inear r e l a t i o n s h ip  e x i s t s  between 
M arshall S t a b i l i t y  and I n d i r e c t - T e n s i le  s t r e n g th  i s  confirmed 
by r e s u l t s  p re sen ted  e lsew here . (65)(101)
6 .2 .3 .3  Summary o f C onclusions :
( i )  Specimens t e s t e d  in  I n d i r e c t - t e n s io n ,  f a i l e d  due to  t e n s i l e  
s t r e s s e s  a c t in g  p e rp e n d icu la r  to  the  loaded d ia m e tra l  p la n e .  
However, the  e f f e c t  on measured s t r e n g th  of the  "wedges" formed 
d i r e c t l y  below the loading  s t r i p s  was not de term ined .
( i i )  For H.R.A. m ix tu res  over a range o f Stone Contents  (0 - 
557o by mass) the b in d e r  c o n ten t  corresponding  to  maximum I n d i r e c t  
T ens ile  S treng th  was found to  be approxim ate ly  equal to  the  b in d e r  
c o n ten t  corresponding  to  maximum M arshall S t a b i l i t y ,  f o r  s im i la r  
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( i i i )  An OBC based upon the mean o f the  b in d e r  c o n te n ts  c o r r e s ­
ponding to  maximum S^, Sa and ITS, f o r  H.R.A. m ix tu res  over a 
range of Stone Contents  (0 - 557, by m ass), was found to  be on 
average le s s  than  0 . 27, by mass, of b in d e r  co n ten t  d i f f e r e n t  to  
M arshall OBC.
( iv )  A L inear r e l a t i o n s h ip  was found to  e x i s t  between M arshall
jbegiyJ&AS t a b i l i t y  and In d i r e c t - T e n s i l e  s t r e n g th ,  for^jH.R.A. m ix tu res  manu­
fa c tu re d  over a range of b inder  c o n te n t ,  a t  Stone Content from 
0 - 557, by m ass .
(v) The l a t t e r  th re e  f in d in g s  are  conside red  to  . 0  to  some 
degree from the use of the  same method of compaction f o r  each 
t e s t .
( v i )  The r e l a t i o n s h ip  between M arshall S t a b i l i t y  and I n d i r e c t -  
T en s ile  s t r e n g th  i s  no t g e n e ra l ,  bu t depends upon the  n a tu re  of 
the  f in e  aggregate  (sand) component o f  the  mix.
6.3  Wheel-Tracking Test R esu l ts  and Comparison w ith  M arsha ll 
R esu lts
6 .3 .1  Comments on Test Procedure
6 .3 .1 .1  In t ro d u c t io n
The development of the  appara tu s  and procedures  used in  the  ex e ­
c u t io n  of t h i s  t e s t  have a l re ad y  been d esc r ib ed  ( 5 .5 ) .  In  the  
fo llow ing  s e c t io n s ,  a t t e n t i o n  w i l l  be drawn to  s e v e ra l  p o in ts  
a r i s in g  from t h i s  and the subsequent use of t h i s  t e s t  method.
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6 .3 .1 .2  Machine C h a r a c t e r i s t i c s
As t h i s  was a brand new piece  of equipment, some time was spent 
a s s e s s in g  i t s  c h a r a c t e r i s t i c s .
With the  machine s e t-u p  f o r  compaction, a 50 kN Load C e l l ^ ^ ^  
was p o s i t io n e d  beneath  the  r o l l e r  segment in  o rd e r  to  measure 
the  fo rce  being e x e r te d .  By vary ing  the p o s i t io n  of the  Load 
C e l l  beneath  the  segment and by adding mass to  the  load hanger, 
i t  was p o s s ib le  to  a s c e r t a in  the fo llow ing
( i )  f o r  any given load on the  hanger, the fo rce  e x e r te d
by the  r o l l e r  segment d id  no t vary  s i g n i f i c a n t l y  a c ro ss  i t s  
w id th . This was conside red  im portan t from the  p o in t  of 
view of o b ta in in g  as uniform as p o s s ib le  compaction.
( i i )  the  r e l a t i o n s h ip  between mass on hanger and the  fo rce  
e x e r ted  by the  r o l l e r  segment. This i s  'expressed  in  terms 
o f ,  fo rce  per l i n e a l  mm of r o l l e r  w id th , in  f ig u r e  36, from 
which i t  i s  p o s s ib le  to  determ ine the mass re q u ire d  to  produce 
a g iven  fo rce  per u n i t  w idth  of the  r o l l e r .
6 .3 .1 .3  Compaction O p e ra t io n :
Using a s in g le  m ixture com position (schedule  1A, 307» stone H.R.A. 
to  B.S. 594), the e f f e c t  of compactive e f f o r t  upon the  d e n s i ty  
of the  r e s u l t i n g  specimens was a ssessed  as fo l lo w s : -
Compactive . e f f o r t  was v a r ie d  by in c re a s in g  the  load on the 
hanger, w h i l s t  the  number o f  r o l l e r  passes  remained c o n s ta n t  
(30) . Two specimens were produced using  each compactive 
e f f o r t ,  and the d e n s i ty  (S^) and Void c o n ten t  (V^) of each 
were determ ined as d esc ribed  in  5 .5 .6 .  Each specimen was 
then  sawn in to  16 equal s ized  b locks (see  f ig u re  37) and 
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specimens ( 5 . 3 . 5 ) .
The r e s u l t s  ob ta in ed  in d ic a te d ,  t h a t  r e g a rd le s s  of compactive e f f o r t  
a s im i la r  d i s t r i b u t i o n  o f d e n s i ty  was apparen t in  each specimen, 
see f ig u re  37. The presence of a reas  of "low" d e n s i ty  a t  each 
end of specimens, p a r t i c u l a r l y  a t  the  c o rn e rs  was no t unexpected . 
N e ith e r  was i t  conside red  to  a f f e c t  to  any g re a t  e x te n t  the  r e s u l t s  
o f  Wheel-Tracking t e s t s  on such specimens. In  f a c t ,  i n  such 
t e s t s  only  the  c e n t r a l  p o r t io n  o f  the specimen i s  su b jec ted  to  
the passage of the  loaded wheel, and t h i s  a rea  was shown to  have 
a d e n s i ty  somewhat g r e a te r  than  th a t  determined f o r  the  s la b  as 
a whole, see t a b le  45.
Table 45





SM(g/m l) Vm(%) sM(s/ml) Vm(%)
36.25 2.197 7.7 2.224 6.6
36.25 2.188 8.1 2.231 6.3
54.36 2.192 7.9 2.230 6.3
54.36 2.187 8 .1 2.220 6.7
72.50 2.205 7.4 2.224 6.6
72.50 2.190 8 .0 2.225 6.6
90.60 2.201 7.5 2.230 6.3
90.60 2.193 7.9 2.228 6.4
108.72 2.177 8.5 2.208 7.2
108.72 2.188 8.1 2.214 7.0
126.84 2.182 8.3 2.207 7.3
126.84 2.178 8.5 2.207 7.3
mean Sm, Vm f o r  4 b locks a t  c e n tre  of s lab  (see f ig u r e  36).
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The mean d i f f e r e n c e  between the d e n s i ty  of the c e n t r a l  4 b locks 
and the  d e n s i ty  of the whole specimen was 0.03 g/m l.
The mean va lues  of fo r  each compactive e f f o r t  ( load  on h a n g e r ) ,  
a re  p re sen ted  in  f ig u re  38. Compactive e f f o r t  over the  range 
considered  had l i t t l e  e f f e c t  upon the  d e n s i ty  of the  r e s u l t i n g  
specimen, a lthough  a f t e r  a c e r t a i n  p o in t  Sj4 begins to  decrease  
s h a rp ly .  The reason  f o r  t h i s  i s  no t immediately a p p a ren t ,  a lthough  
the au th o r  c o n s id e rs  i t  to  r e s u l t  from a too h igh  compactive e f f o r t  
being a p p l ie d ,  a s i t u a t i o n  analogous to  a " f o o t - p r in t  in  wet sand". 
This view i s  supported  by the  f a c t  t h a t  f lu s h in g  o f the  b in d e r  
was apparen t a t  the  su rface  of such specimens, and t h a t  c ra ck in g  
was a lso  ap p a ren t .
In  s e l e c t in g  a compactive e f f o r t  to  be used fo r  the  r e s t  o f  the  
i n v e s t i g a t i o n ,  i t  was thought d e s i r a b le  to  achieve d e n s i t i e s  e q u i ­
v a le n t  to  t h a t  of M arshall  specimens, thus  f a c i l i t a t i n g  a d i r e c t  
comparison between Wheel-Tracking and M arshall r e s u l t s .  F igure 
38, in d ic a te s  the  mean d e n s i ty  (Sj^) of 4 M arshall  specimens com­
p r is e d  of the  same m ix tu re .  On the  b a s i s  o f  t h i s ,  the  c e n t r a l  
p o r t io n  o f Wheel-Tracking specimens had d e n s i t i e s  approx im ate ly  
equa l to  t h a t  produced by the  M arsha ll (50 blow) compaction, when 
using  a load on the hanger between 36.25 and 90.6 kg. A com­
p a c t iv e  e f f o r t  of 30 passes  of the  r o l l e r ,  w ith  a load on the  
hanger of 72.5 kg. was chosen as s u i ta b le  f o r  specimen m anufac tu re . 
However, i t  w i l l  be shown l a t e r  th a t  t h i s  arrangement was no t 
e f f e c t i v e .
6 .3 .1 .4  Test R e s u l t s :
A ty p i c a l  Deformation-Time cu rve , produced during  W heel-Tracking
214
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t e s t s  was p re sen ted  e a r l i e r  ( f ig u re  12). I n i t i a l l y  the  r a t e  
of deform ation  i s  h igh , f u r th e r  compaction o f the specimen being 
the prim ary cause of t h i s .  E ven tu a lly ,  over approx im ate ly  the 
l a s t  t h i r d  of the  curve the  r a t e  of deform ation  i s  approxim ate ly  
l i n e a r ,  and the mean r a t e  of in c re ase  in  r u t  depth  can be d e t e r ­
mined in  mm/hr, see 5 .5 .7 .
As both  Tracking Rate (TR) and Rut Depth (RD) are  im portan t
param eters  as f a r  as permanent deform ation  i s  concerned, i t  was 
conside red  d e s i r a b le  to  have some knowledge of the  a c tu a l  r u t  
depth  a t  some p o in t  du ring  the  t e s t .  Three p o s s ib le  a l t e r n a t i v e s ,  
the  r u t  depth  a f t e r  100 and 1000 passes  of the  wheel, and the  
r u t  depth  a t  the  end of the  t e s t  were a l l  measured, see f ig u r e  
12. In  t h i s  r e s p e c t ,  however, the  au th o r  c o n s id e rs  RD-loqq t0  
be of most use f o r  the  fo llow ing  re a so n s :
( i )  RD^qO occurs  during  the  i n i t i a l  pe r iod  o f  r a p id ,  non- 
uniform deform ation  of the  specimen. —
( i i )  RDr . _ , i . e .  a f t e r  45 m inu tes ,  t h i s  i s  no t reached  inEND
cases  where the  t e s t  i s  te rm in a ted  p rem atu re ly . -------------------
The use of RD^ OOO allow  the performance of a l l  m ix tu res  to
be a ssessed  in  terms of r u t  depth  a t t a in e d  during  t e s t i n g .
6 .3 .2  A nalysis  and P r e s e n ta t io n  of R e s u l t s :
Wheel-Tracking t e s t s  were conducted using  the  appara tu s  d e sc r ib e d  
in  5 .5 ,  accord ing  to  the  procedures s e t  out in  appendix B. - 
For each of the  Stone Contents cons ide red  ( t a b le  13), a s in g le  
specimen was t e s t e d  a t  each of s e v e ra l  b in d e r  c o n te n ts .  The 
b inde r  c o n ten ts  t e s t e d  corresponded to  those  used in  the  M arsha ll  
i n v e s t ig a t io n .
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For each specimen t e s t e d  the  fo llow ing  p r o p e r t i e s  were determ ined 
in  the  manner d esc r ib ed  in  5 .5 .6  and 5 .5 .7 .
SM> SA> VM> VA> VF ( see 6 -1 -2)
Tracking Rate (TR) mm/hr
Rut Depth a f t e r  100 and 1000 passes  of 
the  wheel, and a f t e r  45 minutes
RD100 , ^ 1 0 0 0  and ^E N D ’ r e s Pe c t i v e l y
For each Stone C ontent, the  va lues  ob ta ined  fo r  each specimen are  
p re sen ted  in  s e c t io n s  D.3.2 and D .3.6 (sand A) and s e c t io n s  D.3.4 
and D.3.8 (sand B), o f  appendix D.
For a l l  Stone C on ten ts ,  th ese  va lues  were p lo t t e d  a g a in s t  b in d e r  
co n ten t  and smooth curves were drawn through the p o in t s .  These 
graphs are  p re sen ted  in  s e c t io n s  D .3.3 and D.3.7 (sand A) and 
s e c t io n s  D.3.5 and D.3.9 (sand B) of appendix D.
6 .3 .3  D iscussion  of R esu lts
6 .3 .3 .1  R e p e a t a b i l i t y :
The degree to  which Wheel-Tracking T est r e s u l t s  were re p e a ta b le  
w i th in  a s in g le  la b o ra to ry  was a sse ssed  in  the fo llow ing  ways:
( i )  4 specimens c o n ta in in g  307o stone a t  a s in g le  b in d e r  c o n te n t
were manufactured and t e s t e d  in  an i d e n t i c a l  manner, the  r e s u l t s  
a re  p re sen ted  in  ta b le  4 6 .
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( i i )  the  r e s u l t s  f o r  a d u p l ic a te  s e r i e s  of specimens, c o n ta in in g  
sand A and 307, s to n e ,  over a range of b in d e r  c o n ten ts  a re  p lo t t e d  
to g e th e r  a g a in s t  b in d e r  c o n ten t  (Wg) in  f ig u re  39.
The r e s u l t s  from both  ( i )  and ( i i )  in d ic a te  a h igh  degree o f r e p ­
e a t a b i l i t y  and the  au th o r  i s ,  th e r e f o r e ,  c o n f id e n t  t h a t  the  f a c t  
th a t  only  a s in g le  specimen has been t e s t e d  a t  each b in d e r  c o n ten t  
w i l l  no t unduly e f f e c t  the  accuracy  of the  r e s u l t s  o b ta in e d .
6 .3 .3 .2  Optimum Binder Contents  determ ined from W heel-Tracking 
Test R esu lts
This p a r t  of the in v e s t ig a t i o n  s e t  out to  determ ine i f  an Optimum 
Binder c o n te n t ,  f o r  each stone c o n te n t ,  could  be d e f in ed  in  terms 
of the  r e s u l t s  o b ta ined  in  the  W heel-Tracking t e s t ,  i n  a manner 
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( i )  Binder Contents  f o r  Maximum Sm and Sa :
Reference to  the  r e s u l t s  p re sen ted  in  s e c t io n s  D .3.3 and D.3.5 
o f  appendix D, in d ic a te s  t h a t  as under M arshall compaction v a lu es  
of and Sa in c re a se  as b in d e r  co n ten t  in c re a s e s ,  to  a maximum 
value and then  d e c rea se .  I t  i s ,  t h e r e f o r e ,  p o s s ib le  to  use 
the  v a lu es  of the  b in d e r  c o n ten ts  corresponding  to  maximum Sm 
and Sa , to  d e f in e  in  p a r t  an OBC f o r  each stone c o n te n t .  The
va lues  determined in  t h i s  manner are  p resen ted  in  ta b le  47.
Table 47
Wheel Tracking T est - Optimum Binder Contents 
( a l l  f ig u r e s  % by mass)
SAND A SAND B
Stone Content 
(7o by mass) 30 40 55 30 38 55
Binder Content fo r  
maximum Sm 9.3 8 .6 7.2 6.7 6.3 5.8
Binder Content fo r  
maximum Sa 8.2 8 .0 6.8 6.4 6.0 5.5
Tracking Rate 
"B reak-po in t" 8 .5 8 .0 6.5 6.5 6.0 5.5  .
Tracking OBC 8.7 8.2 6.8 6.5 6.1 5.5
N.B. the  b inde r  c o n ten ts  fo r  maximum Sm and Sa , under r o l l e r  com­
p a c t io n  w i l l  be compared w ith  those  ob ta in ed  f o r  s im i la r  m ix tu res  
under M arshall compaction in  s e c t io n  6 .3 .3 .3 .
( i i )  Binder Contents in  terms o f Test Perform ance:
Reference to  the r e s u l t s  p re sen ted  in  s e c t io n s  D .3.3 and D .3.5 
of appendix D in d ic a te  t h a t  un like  M arshall S t a b i l i t y  o r  I n d i r e c t  
T en s ile  S tren g th ,  the  Tracking Rate determ ined in  the  W heel-Tracking 
t e s t  does no t pass through a maximum. However, above a c e r t a i n
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b inde r  c o n ten t  th e re  i s  a marked in c re a se  in  Tracking R ate, the 
b in d e r  c o n ten t  a t  which t h i s  change occurs  (b reak  p o in t )  can be 
used as a guide to  the  optimum b in d e r  co n ten t  of the  M i x . ^ ^ ^
The b in d e r  c o n ten ts  determ ined in  t h i s  manner and the OBC*s d e t e r ­
mined as the  mean of t h i s  b in d e r  co n ten t  and those co rrespond ing  
to  maximum Sm and Sa a re  inc luded  in  ta b le  47.
The OBC*s determ ined in  t h i s  manner a re  on average , 1.0% by mass 
g r e a te r  than  those determ ined in  terms o f M arshall t e s t  r e s u l t s  
( t a b l e s  24 and 25), f o r  nom inally  i d e n t i c a l  m ix tu re s .
6 .3 .3 .3  Comparison o f M arshall and Wheel-Tracking T est R e s u l t s ; 
Specimens t e s t e d  by each method had nom inally  the same com position , 
but were compacted by d i f f e r e n t  methods and th e re fo re  an a d d i t io n a l  
v a r ia b le  o th e r  than  t e s t  method must be c o n s id e red . I n i t i a l l y ,  
i t  was hoped t h a t  the  compactive e f f o r t  used in  producing Wheel- 
Tracking T est specimens would r e s u l t  in  d e n s i t i e s  e q u iv a le n t  to  
those  of M arshall specimens comprised of the  same mix. However, 
when the d e n s i ty  (Sm) o f specimens o f  i d e n t i c a l  com position , com­
pacted  by the  d i f f e r e n t  methods a re  p lo t t e d  to g e th e r  a g a in s t  b in d e r  
c o n ten t  (wg) in  f ig u r e s  40 and 41 f o r  sand A and sand B r e s p e c t iv e ly ,  
i t  can be seen t h a t  a t  any g iven  b in d e r  c o n te n t ,  th e re  i s  a con­
s id e ra b le  d i f f e r e n c e  between the Sm*s o f specimens compacted by 
the  two methods. I t  must, t h e r e f o r e ,  be concluded t h a t  the  
o r i g i n a l  assumption reg a rd in g  the  a b i l i t y  to  achieve M arsha ll 
d e n s i ty  was i n c o r r e c t .
In  f a c t  f o r  both sands, a t  each Stone C ontent, the  r e l a t i o n s h i p s  
between Sm and b in d e r  c o n ten t  f o r  specimens produced by r o l l e r  
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( i )  The b inde r  co n ten t  correspond ing  to  maximum Sm i s  on average , 
1.07o by mass g r e a t e r  than  th a t  in d ic a te d  by the correspond ing  
r e l a t i o n s h ip s  f o r  specimens o f  nom inally  i d e n t i c a l  com position , 
compacted by the M arshall method.
( i i )  The maximum value o f  Sm i s  l e s s  than  th a t  in d ic a te d  by the 
corresponding  r e l a t i o n s h ip s  f o r  specimens of nom inally  i d e n t i c a l  
com position , compacted by the  M arshall method.
N.B. re fe re n ce  to  s e c t io n s  D.3.3 and D .3.5 of appendix D in d ic a te s  
t h i s  i s  a lso  the  case f o r  the  r e l a t i o n s h ip  between S^ . and- b in d e r  
c o n te n t .
S im ila r  v a r i a t i o n s  are  apparen t between n o m in a lly . i d e n t i c a l  m ix tu res  
over a range of b in d e r  c o n te n ts ,  su b jec ted  to  d i f f e r i n g  le v e l s
/  1 o  e  \of M arshall compaction. The above o b se rv a t io n s  th e r e fo r e  .
appear to  in d ic a te  t h a t  in  the  c u r r e n t  i n v e s t ig a t i o n  the  o v e r a l l  
l e v e l  o f  compactive e f f o r t  used f o r  r o l l e r  compaction, was le s s  
than  t h a t  during  M arshall compaction. I t  i s  t h i s  f a c t r coupled 
w ith  the  in h e re n t  d i f f e r e n c e s  between the  two methods t h a t  have 
r e s u l t e d  in  the  s i t u a t i o n  shown in  f ig u r e s  40 and 41.
I t  should be p o in ted  out a t  t h i s  s tage  t h a t  the  v a lu es  o f  Sm ( f o r  
specimens produced by r o l l e r  compaction) shown in  f ig u r e s  40 and 
41, r e f e r  to  each specimen as a whole. I t  was r e p o r te d  e a r l i e r  
t h a t  the  d e n s i ty  o f  the  c e n t r a l  p o r t io n  of such specimens was 
found to  be somewhat g r e a te r  than  th a t  o f  the  s lab  as a whole, 
and i t  th e re fo re  seems reasonab le  to  suppose th a t  the  d e n s i ty  
of the  p o r t io n  of each specimen a c tu a l l y  t e s t e d ,  was in  f a c t  g r e a t e r  
than  in d ic a te d  in  f ig u r e s  40 and 41. As i t  was no t p o s s ib le  
to  determ ine the  d e n s i ty  of the  c e n t r a l  p o r t io n  of each specimen
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t e s t e d ,  t h i s  cannot be proven.
( i )  M arshall S t a b i l i t y  v s .  Tracking R a te :
For each sand co n s id e red , the  va lues  o f  M arshall S t a b i l i t y  (S)
and Tracking Rate (TR) a t  each b in d e r  co n ten t  ( f o r  a l l  s tone con­
t e n t s  co n s id e red )  were e x t r a c te d  from the  a p p ro p r ia te  t a b le s  in  
appendix D, and p lo t t e d  as shown in  f ig u r e  42.
The two param eters  were found to  be r e l a t e d  by a Power Function
of the  form
-by = a3C-
y = Tracking Rate (mm/hr)
X  = M arshall S t a b i l i t y  (kN) 
a and b are  c o n s ta n t s .
The transform ed v a r i a b l e s ,  log^^c  and l o g ^ y  are  l i n e a r l y  r e l a t e d  
by the  e q u a tio n
1Og10y = lo g 10a " b lo g l(Tc' 
l o g ^ a  = i n t e r c e p t  on l o g ^ y  - a x is
b = s lope of b e s t - f i t  s t r a i g h t  l i n e .
The c o n s ta n ts  a and b, determined by L inear R egress ion  a re  p re sen te d  
in  ta b le  48, and in d ic a te  t h a t  the  r e l a t i o n s h ip  i s  alm ost i d e n t i c a l  
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Table 48
R e la t io n sh ip  between Marshall  S t a b i l i t y  and Tracking Rate
' C o r re la t io n  
C o e f f ic ie n t  ( r )  
(see  appendix E)
I f  a l l  o f  the  d a ta  i s  cons ide red  to g e th e r  ( f ig u re  43 ) ,  the r e ­
c a lc u la te d  va lues  o f  a and b ( t a b le  48) in d ic a te  t h a t
- 2  1 y = 125x_
( i i )  M arshall Q uotien t v s .  Tracking R a te :
The same m ix tu res  as conside red  p re v io u s ly  were used to  e s t a b l i s h  
the  r e l a t io n s h ip  between M arshall Q uotient (Q) and Tracking Rate 
(TR), which i s  i l l u s t r a t e d  in  f ig u r e s  44 and 45.
These two param eters  were a lso  found to  be r e l a t e d  by a Power
Function o f the  form
-by = eoc
y = Tracking Rate (mm/hr)
2c-= M arshall S t a b i l i t y  (kN) 
a and b are  c o n s ta n ts .
The va lues  of a and b, determined by L inear R egress ion  a re  p re sen te d  
in  ta b le  49.
SAND Number of 
Data P o in ts
b a r '%
A 23 -2 .2 150 -0 .88
B 20 -2 .3 145 -0 .7 4
A and B 43 -2 .1 125 -0 .82
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R e la t io n sh ip  between M arshall Q uotien t and Tracking Rate
SAND
Number of 
Data P o in ts b a r
A 23 -1 .3 3.3 -0 .89
B 20 -1 .2 3 .6 -0 .80
A and B 43 -1 .3 3 .4 -0 .88
The r e l a t i o n s h ip  i s  aga in , approxim ate ly  the  same fo r  bo th  sands 
and based upon a l l  o f  the  m ix tu res  t e s t e d  
y = 3 .4 .X 1,3
(Hi) M arshall Param eters v s .  R.D.^qqqJ
For a l l  o f  the m ix tu res  cons ide red  p re v io u s ly ,  the  r e l a t i o n s h i p s  
■between:
M arshall S t a b i l i t y  and 
and M arshall Q uotient and
are  i l l u s t r a t e d  in  f ig u r e s  46 and 47 r e s p e c t iv e ly .
In  both cases  the  param eters  were found to  be r e l a t e d  by a Power
Function  o f the form:
-by = ax.
In  each case ,  fo r  RD^qqq ^ y> bhe va lu es  of a and b, determ ined 
by L inear R egression  in d ic a te  the  fo l lo w in g :
(a )  a s in g le  r e l a t i o n s h ip  between S and RD^q^q, f o r  a l l  m ix tu res
t e s t e d :
, , - 1 . 5  y = 64X
2 3 1
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(b) a sep a ra te  r e l a t i o n s h ip  between Q and RD^qqq, depending upon
the type of sand:
fo r  m ix tu res  co n ta in in g  sand A 
, - 0 . 8y =
f o r  m ix tu res  c o n ta in in g  sand B
« o -0 .7  y = 5. 3x_
The l a t t e r  (b ) ,  i s  considered  by the au th o r  to  be a r e f l e c t i o n  
o f  the  f a c t  th a t  m ix tu res  c o n ta in in g  sand A tended to  e x h ib i t  
h ig h e r  Flow v a lues  and lower v a lu es  of RD^qqqj than  m ix tu res  con­
t a in in g  sand B.
( iv )  General D iscussion  o f R e la t io n s h ip s :
I t  i s  c l e a r  t h a t  on the b a s is  of the r e l a t i o n s h ip s  e s t a b l i s h e d ,  
both  M arshall S t a b i l i t y  and M arshall Q uotien t are  r e l a t e d  to  d e fo r ­
m ation (as  measured in  the  Wheel-Tracking T e s t ) .
Table 50 in d ic a te s  t h a t  in  a l l  cases  the  degree o f  a s s o c ia t i o n  
between the transform ed v a r i a b le s  ( l o g ^ X  and l o g ^ y ) ,  as  measured 
by the  C o r re la t io n  C o e f f ic ie n t  ( r )  i s  h ig h .
Table 50
C o r re la t io n  C o e f f i c i e n t s , f o r  r e l a t i o n s h ip s  between M arshall 
param eters  and Wheel-Tracking Test pa ram ete rs .
R e la t io n sh ip
between
C o r re la t io n  
C o e f f ic ie n t  ( r )
lo g 10S and lo g ^T R -0 .82
lo g 10Q and lo g 10TR -0 .88
lo g 1()S and lo g 10RD1000 -0 .92
lo g 10^ and 1° S10RD1000 -0 .84*
“'mean value of r e l a t i o n s h ip s  de rived  fo r  sand A and sand B.
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Although the degree of a s s o c ia t i o n  i s  s l i g h t l y  in c re a se d  f o r  r e l ­
a t io n s h ip s  where Wheel-Tracking performance i s  q u a n t i f i e d  in  terms 
of RD100q, the  au th o r  co n s id e rs  these  r e l a t i o n s h ip s  in  terms of 
Tracking Rate (TR) to  be more im portan t in  the  l i g h t  of e x ten s iv e  
c o r r e l a t i o n s  between t h i s  and a c tu a l  road perform ance .
Considering  these  r e l a t i o n s h ip s  ( i n  terms o f TR) in  more d e t a i l ,  
over the  range of m ix tu res  t e s t e d  i t  appears  t h a t :
(a )  Tracking Rate i s  r e l a t i v e l y  u n a ffe c ted  by changes in  M arshall  
S t a b i l i t y  (o r 'M a rsh a l l  Q uo tien t)  above a c e r t a i n  l e v e l .
(b) Below a c e r t a i n  value of M arshall S t a b i l i t y  (o r  M arshall 
Q u o tie n t) ,  Tracking Rate begins to  in c re a se  r a p id ly .
In  p r a c t i c a l  terms t h i s  can be i n te r p r e te d  as in d ic a t in g  th a t  
l i t t l e  advantage (over normal m ix tu res )  w i l l  be gained  ( i n  terms 
of improved r e s i s t a n c e  to  deform ation) from the use o f  m ix tu res  
having e x c e p t io n a l ly  h igh  va lues  o f  M arshall S t a b i l i t y  o r  M arshall  
Q uo tien t.  F u r th e r ,  the  value of M arshall S t a b i l i t y  o r  M arsha ll  
Q uotient corresponding  to  the  p o in t  a t  which Tracking Rate beg ins  
to  in c rease  r a p id ly  could be used as a c r i t e r i o n  to  ensure  adequate 
m ixture  performance ( i n  terms of r e s i s t a n c e  to  d e fo rm a tio n ) .
In  t h i s  r e s p e c t ,  the  r e s u l t s  p re sen ted  ( f ig u r e s  43 and 45) i n d i ­
ca te  minimum va lu es  of 7kN and 1.5 kN/mm fo r  M arshall S t a b i l i t y  
and M arshall Q uotien t r e s p e c t iv e ly .  The l a t t e r  value i s  in  
good agreement w ith  va lu es  proposed by M a r a i s ^ ”*^  and B r i e n f ^ ^  
f o r  c l im a t ic  c o n d i t io n s  s im i la r  to  those found in  the  U.K.
When ta lk in g  in  the  above terms however, i t  i s  n ecessa ry  to  con­
s id e r  the degree of "confidence"  th a t  can be p laced on th ese  
r e l a t i o n s h i p s .  To t h i s  end, c o n s id e ra t io n  of the  C o r r e la t io n
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C o e f f ic ie n t s  ( r )  in d ic a te d ,  may not be enough. As re fe re n c e  
to  f ig u r e s  43 and 45 r e v e a l s ,  th e re  i s  c o n s id e rab le  s c a t t e r  of 
the  d a ta  about the " b e s t - f i t "  curve in  each c a se .  In  the  a u th o r 's  
o p in ion  t h i s  h igh degree of s c a t t e r  may be a r e s u l t  o f  the  f a c t  
t h a t :
(a )  only  a low degree of confidence  can be p laced  on the  mean 
va lu es  of M arshall S t a b i l i t y  and M arshall Q uo tien t,  determ ined 
fo r  d u p l ic a te  specimens. (See 6 .1 .3 .1 )
(b) only  a s in g le  specimen was te s t e d  in  o rd e r  to  e s t a b l i s h  va lu es  
o f  Tracking Rate f o r  each m ixture  co n s id e red .
However, in  s p i t e  of t h i s  the  au th o r  concludes t h a t  bo th  M arshall 
S t a b i l i t y  and M arshall Q uotien t are  s t ro n g ly  r e l a t e d  to  defo rm ation  
(as  measured in  the  Wheel-Tracking T e s t ) ,  a lthough  the  e x ac t  r e l ­
a t io n s h ip  may be, to  some e x te n t  "masked" by the s c a t t e r  of the  
d a ta .
6 .3 .3 .4  Summary of C onclusions :
( i )  The compaction sequence used in  t h i s  in v e s t ig a t i o n ,  
f o r  the  p ro d u c tio n  of Wheel-Tracking Test specimens was unable 
to  reproduce the  d e n s i t i e s  achieved under M arshall Compaction, 
f o r  nom inally  i d e n t i c a l  m ix tu res .
( i i )  I t  i s  p o s s ib le  to  d e f in e  an optimum b in d e r  c o n te n t  f o r  
m ix tu res  t e s t e d  under the c o n d i t io n s  o f the W heel-Tracking t e s t ,  
as the mean o f the  b in d e r  c o n te n ts  corresponding  to  maximum S^, 
maximum S^ and the  p o in t  a t  which TR begins to  r i s e  sh a rp ly .
( i i i )  Optimum b inder co n ten ts  determined in  the  above manner 
were found to  be on average , 1.07, g r e a t e r  than  those  determ ined
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by the M arshall method, fo r  nom inally  i d e n t i c a l  H.R.A. m ix tu res  
c o n ta in in g  between 30 and 557, by mass of s tone .
( iv )  For H.R.A. m ix tu res  c o n ta in in g  between 30 and 557, by mass
of s to n e ,  a r e l a t i o n s h ip  of the  form
-by = a=c_
was found to  e x i s t  between the fo llow ing  pa ram ete rs :
M arshall S t a b i l i t y  and Tracking Rate 
M arshall Q uotien t and Tracking Rate 
M arshall S t a b i l i t y  and RD^qqq 
Ma r s h a l l  Q uotien t and RE^qqq*
( v) A ll  o f  the  above r e l a t i o n s h i p s ,  excep t t h a t  between M arsha ll 
Q uotien t and RD^qqq, were found to  be independent of the  type of 
f in e  aggregate  (sand) used in  the  m ix tu re .
( v i )  D espite  the  s c a t t e r  o f  the  ex per im en ta l  d a ta ,  bo th  M arsha ll  
S t a b i l i t y  and M arshall Q uotien t a re  s t ro n g ly  r e l a t e d  to  de fo rm ation  
(as  measured in  the  Wheel-Tracking T e s t ) .
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6.4  Optimum Binder Content in  R e la t io n  to  Mixture P r o p e r t ie s
From a c o n s id e ra t io n  of a l l  r e s u l t s  ob ta ined  in  t h i s  in v e s t ig a t i o n ,  
i t  i s  apparen t t h a t  i r r e s p e c t iv e  of the  type of compaction used, 
the  p h y s ic a l  p r o p e r t i e s  of m ix tu res  produced vary w ith  r e s p e c t  
to  b in d e r  c o n ten t  in  a s im i la r  manner.
As b in d e r  c o n ten t  i s  in c r e a s e d :-
Sm, in c re a s e s  to  a maximum then  decreases
SA> in c re a s e s  to  a maximum then  decreases
Vj4> d ecreases  to  a minimum then  beg ins  to  in c re a se
V^, dec reases  to  a minimum then  in c re a s e s
Vp, in c re a s e s  to  a maximum then  begins to  d e c rea se .
For each stone content., the  b in d e r  c o n te n ts  correspond ing  to  maxi­
mum S^, and minimum have been determ ined and are  p re sen ted  
in  t a b le s  51 and 52, f o r  M arshall and R o l le r  compaction r e s p e c t iv e ly .
Following a s im i la r  procedure the  va lues  of S and TR were found 
to  vary  w ith  r e s p e c t  to  b in d e r  co n ten t  in  a s im i la r  manner, f o r  
each stone c o n ten t  c o n s id e red . As b in d e r  c o n ten t  i s  in c r e a s e d : -  
S, in c reased  to  a maximum then  d ecreases
TR, remains r e l a t i v e l y  unchanged i n i t i a l l y ,  then  beg ins  to  
in c re ase  r a p id ly .
For each stone c o n te n t ,  the  b in d e r  c o n te n ts  correspond ing  to  maxi­
mum S and the  p o in t  a t  which TR begins to  in c re a s e ,  a re  p re sen te d  
in  t a b le s  51 and 52 r e s p e c t iv e ly .
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Table 51
Mixture P r o p e r t i e s  - M arshall Compaction 
( a l l  f ig u r e s  7> by mass)
Stone Content 
(7„ by mass) 0 10 20 30 40* 55
Binder Content 
fo r  Maximum S^ 11.2 9.8 8 .0 7.5 6.7 5 .9
Binder Content 
f o r  Minimum 10.8 9 .4 8 .0 7.2 6.3 5.8 <
Binder Content 
f o r  Maximum S 12.0 10.7 8.7 7.5 6.7 5.9 SA
ND
M arshall OBC 11.8 10.4 8.7 ’7 .6 6.9 6.2
Binder Content 
f o r  Maximum S^ 7.1 6.2 6.2 5 .1 5.0 3.8
Binder Content 
f o r  Minimum V^ . 7 .1 6.3 6 .1 5 .0 5.0 4 .2
CQ
Binder Content 
f o r  Maximum S 6.8 6.5 5.6 4 .5 4 .4 4 .3 SAN
D 
:
M arshall OBC 7.3 6.5 6 .1 5 .0 4.9 4 .3
*  387o by mass Stone f o r  m ix tu res  c o n ta in in g  sand B
Table 52
Mixture P ro p e r t i e s  - R o l le r  Compaction 
( a l l  f ig u r e s  % by mass)
SAND A ’ SAND B
Stone Content 
(7. by mass) 30 40 • 55 30 38 55
Binder Content fo r  
Maximum S^ 8.2 8 .0 6.8 6.4 6.0 5 .3
Binder Content f o r  
Minimum 8.2 7.7 6.7 6.6 6.0 5.2
Binder Content fo r  
Break P o in t TR 8.5 8 .0 6.5 6.5 6.0 5.5
Wheel-Tracking OBC 8.7 8.2 6.8 6.5 6.1 5 .5
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The r e s u l t s  p re sen ted  in  t a b le s  51 and 52 in d ic a te  th a t  the  b in d e r  
c o n ten ts  corresponding  to  maximum and minimum are  approx im ate ly  
equa l in  each c a se .  This b in d e r  co n ten t  th e re fo re  r e p r e s e n t s ,  
f o r  t h a t  l e v e l  of compaction, the  p o in t  a t  which the  aggregate  
s t r u c tu r e  i s  most dense ly  packed. F u r th e r  i t  i s  sugges ted , 
frpm ta b le  52, t h a t  the  b in d e r  co n ten t  corresponding  to  the  p o in t  
a t  which TR begins to  in c re a s e ,  c o in c id e s  w ith  t h a t  a t  which the  
aggregate  s t r u c tu r e  i s  most dense ly  packed, ( i . e .  maximum - 
minimum Va) . I t ,  t h e r e f o r e ,  appears  t h a t  i f  b in d e r  c o n ten t  
i s  in c reased  beyond t h i s  p o in t ,  the e f f e c t i v e  aggregate  d e n s i ty  
(Sa) w i l l  beg in  to  decrease  as the  aggregate  p a r t i c l e s  a re  fo rced  
a p a r t  by the in c re a s in g  volume of b in d e r  and consequen tly  TR beg ins  
to  r i s e  as the  a d d i t io n a l  b in d e r  beg ins  to  a c t  as a l u b r i c a n t , s o  
d e s tro y in g  the  i n t e r - p a r t i c l e  f r i c t i o n .
The s i t u a t i o n  reg a rd in g  the  b in d e r  co n ten t  corresponding  to  maximum 
S ( t a b le  51) i s  l e s s  c l e a r ,  a l though  i t  i s  suggested  t h a t  t h i s  
too corresponds c lo s e ly  to  the  b in d e r  c o n ten t  a t  which the  ag g re ­
gate  s t r u c tu r e  a t t a i n s  i t s  den se s t  pack ing . As b in d e r  c o n te n t  
i s  in c reased  beyond t h i s  p o in t ,  S t a b i l i t y  begins to  decrease  as 
a r e s u l t  o f  dec reas in g  cohesion  between the aggregate  p a r t i c l e s .
I t  has a l re ad y  been shown, t h a t  f o r  both  methods o f compaction, 
the  b in d e r  c o n ten t  corresponding  to  maximum S^, f o r  any g iven  
m ix tu re ,  i s  l e s s  than  th a t  co rrespond ing  to  maximum Sm by approx­
im ate ly  1.07o. T here fo re , when the  OBC's, based on the  mean 
of the  b inde r  c o n ten ts  correspond ing  to  maximum S^, maximum 
and maximum S (o r  the p o in t  a t  which TR begins to  r i s e )  are  con­
s id e red ,  they  are found to  be f r a c t i o n a l l y  g r e a te r  th an  the  b in d e r  
co n ten t  corresponding  to maximum and minimum V^ . (see  t a b le s
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51 and 52).  I t  would, th e r e f o r e ,  appear th a t  OBC's s e le c te d  
in  t h i s  manner correspond c lo s e ly  to  the  b in d e r  co n ten t  a t  which 
the  aggregate  s t r u c tu r e  w i l l  a t t a i n  i t s  d en ses t  pack ing , under 
the  g iven  le v e l  of compaction.
I t  would a lso  appear t h a t  under c o n d i t io n s  of M arshall  compaction,
sand a s p h a l t  m ix tu res  a re  cons ide red  to  be c a r ry in g  the  maximum
usable  amount of b in d e r ,  a t  a b in d e r  co n ten t  co rrespond ing  to
( 67 ^th a t  f o r  maximum S t a b i l i t y .  However, i t  i s  f u r t h e r  suggested
t h a t  in  the  p r a c t i c a l  s i t u a t i o n ,  the  l e v e l  o f  compaction achieved 
w i l l  be somewhat l e s s  and, th e r e f o r e ,  the  most s u i t a b l e  b in d e r  
c o n ten t  w i l l  be h ig h e r ,  p o s s ib ly  t h a t  corresponding  to  maximum 
(under M arshall Compaction.) ^ ^
I f  the  l a t t e r  s i t u a t i o n  i s  t r u e ,  t h i s  leads  the  au th o r  to  c o n s id e r  
t h a t  the  OBC's based on W heel-Tracking T est r e s u l t s ,  (de term ined  
in  the  c u r r e n t  in v e s t ig a t i o n )  might correspond to  those  b in d e r  
c o n ten ts  t h a t  would lead to  optimum performance of the  r e s p e c t iv e  
m ix tu res  in  the  p r a c t i c a l  s i t u a t i o n .  However, i f  t h i s  i s  no t  
the  c a se ,  and the  le v e l  o f  compaction achieved in  p r a c t i s e  c o r r e s ­
ponds to  t h a t  under M arshall Compaction, the  r e s u l t s  p re sen te d  
( 6 .1 .3 .1 )  would tend  to  in d ic a te  t h a t  H.R.A. m ix tu res  based upon 
the B.S. 594 Design method, tend to  be o v e r f i l l e d  b itum en-aggregate  
m ix tu re s .  This f in d in g  would tend to  agree w ith  o p in ions  ex ­
p ressed  e lse w h e re .
6 .5  Mixture P r o p e r t ie s  in  R e la t io n  to  R es is tance  to  Deformation 
Mix Design Procedures are  employed in  an a ttem pt to  ensure  the  
p ro d u c tio n  of the most economic m ix tu re ,  having an acc e p tab le
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l e v e l  of r e s i s t a n c e  to  deform ation  in  a g iven s i t u a t i o n .  T y p ica l ly ,  
the Design procedure employed may be considered  as a two s tage  
o p e ra t io n :
( i )  the  s e l e c t i o n  of an "optimum" m ixture  com position  (u s u a l ly  
an optimum b in d e r  c o n te n t )  f o r  the  c o n s t i tu e n t  m a te r i a l s  being 
considered
( i i )  a check i s  then  made to  ensure  th a t  the  m ixture  com position  
s e le c te d  above, meets c e r t a i n  requ irem en ts  (Design C r i t e r i a )  r e g ­
ard ing  m ixture  "S tren g th "  and d u r a b i l i t y .
In  t h i s  c o n te x t ,  the  r e l a t i o n s h ip  between OBC and m ix ture  p r o p e r t i e s  
has a l re ad y  been d iscu ssed  ( 6 .4 ) ,  and a t t e n t i o n  w i l l  now be tu rned  
to  the  r e l a t i o n s h ip  between m ixture  p r o p e r t i e s  (measured " s t r e n g th " )  
and in  p a r t i c u l a r  r e s i s t a n c e  to  de form ation .
In  the  U.K., design  c r i t e r i a  f o r  H.R.A. wearing course  m ix tu res  
were in troduced  from A p r i l ,  1980. As the  M arsha ll H.R.A.
Mix Design procedure (B .S . 5 9 4 ^ ^ )  r e q u i r e s  the  d e te rm in a t io n  
of an OBC f o r  the m orta r  p o r t io n  of the  mix on ly , th e se  Design 
C r i t e r i a  are  a l s o ,  only  r e l a t e d  to  the  m o rta r .  In  o rd e r  to  
ensure  adequate r e s i s t a n c e  to  defo rm ation , m ortar  m ix tu res  a t  
t h e i r  OBC are  re q u ire d  to  a t t a i n  a minimum value o f M arsha ll  S tab­
i l i t y  (see  ta b le  4 ) ,  depending upon a n t i c ip a te d  t r a f f i c  volumes.
I t  i s  apparen t t h a t  us ing  t h i s  approach, i t  i s  no t always easy
to  o b ta in  n a tu r a l  sands capable  o f  meeting th ese  re q u irem en ts ,
( 58 }p a r t i c u l a r l y  fo r  the  h ig h e s t  t r a f f i c  c a te g o ry .
With a view to  improving upon the  p re se n t  design  p rocedu re , a 
l o g ic a l  s tep  would seem to  be to  determ ine the  OBC fo r  the  T o ta l -  
Mix (co a rse -ag g reg a te  inc luded )  and to  sp e c i fy  Design C r i t e r i a
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in  terms o f the T o ta l  Mix. This approach appears  to  have numerous 
advantages (d iscu ssed  l a t e r )  and may w e ll  make i t  e a s i e r  to  design  
m ix tu res  to  meet the  Design C r i t e r i a  s p e c i f ie d .
During the  p re s e n t  in v e s t ig a t i o n ,  a s tro n g  r e l a t i o n s h ip  was found 
to  e x i s t  between M arshall param eters  (S and Q) and Wheel-Tracking 
r a t e ,  f o r  H.R.A. m ix tu res  c o n ta in in g  between 30 - 55% S tone.
On the b a s i s  of t h i s  the  au th o r  in te n d s  to  suggest p o s s ib le  Design 
C r i t e r i a ,  in  terms of the  Total-M ix, f o r  d i f f e r e n t  t r a f f i c  volumes. 
I t  was re p o r te d  e a r l i e r  t h a t  on the  b a s i s  o f  e x ten s iv e  la b o ra to ry -  
road c o r r e l a t i o n s ,  recommended maximum Wheel-Tracking r a t e s  had 
been proposed, ( t a b le  11) f o r  d i f f e r e n t  t r a f f i c  volumes.
Using these  f i g u r e s ,  va lu es  of M arshall S t a b i l i t y  (S) and M arsha ll 
Q uotient (Q) correspond ing  to  the maximum W heel-Tracking r a t e s  
f o r  a g iven  t r a f f i c  c a teg o ry  have been determined from f ig u r e s  
43 and 45, and a re  p re sen ted  in  t a b le  53.
Table 53
H.R.A. Design C r i t e r i a  - T o ta l  Mix:
No. of 
Commercial 
V ehicles  



















1500 8 3.5 0 .5 7 .0 4 .5 0.7 5 .4
3000 4 5.0 0.9 5.5 6.3 1.2 4 .4
6000 2 7.5 1.5 5 .0  . 9 .4 2.0 4 .0
For each s e t  of corresponding  va lu es  of S and Q, an " im p lie d 11 
Flow (F) v a l u e ,  has been c a lc u la te d  
Implied Flow (F) = _S mm
Q
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and . is  inc luded  in  t a b le  53. The above va lues  of S and Q are  
suggested minimum v a lu e s ,  to  ensure  adequate r e s i s t a n c e  to  d e fo r ­
m ation fo r  t h a t  p a r t i c u l a r  c a teg o ry  of t r a f f i c .
N.B. th e se  su g g es t io n s  are  made only  on the  b a s is  o f  r e s u l t s  ob ta in ed  
during  the c u r re n t  i n v e s t i g a t i o n .
I t  should be remembered a t  t h i s  p o in t ,  t h a t  when supplying  m a te r i a l  
to  a g iven  s p e c i f i c a t io n ,  the  m a te r i a l  is  o f te n  produced to  a 
h ig h e r  q u a l i ty  so as to  take  account o f  com positiona l v a r i a t i o n ,  
e t c .  which may o therw ise  cause i t  to  f a l l  o u ts id e  o f  the  s p e c i f i ­
c a t io n .  In  c a lc u la t in g  s a f e ty  margins fo r  t h i s  purpose , average 
v a lu es  of R e p r o d u c ib i l i ty  (R7«) f o r  S, Q and F are  r e q u i r e d .
For a 1 in  20 r i s k  t h a t  the  m a te r i a l  i s  o u ts id e  s p e c i f i c a t i o n ,
C 58 )H i l l s  has considered  the  c a l c u l a t i o n  of "supp ly11 v a lu es  as 
fo l lo w s : -
Safe ty  Margin (M) = 0 .6  x R 
from ta b le  6, r e p r o d u c ib i l i t y  f o r  S t a b i l i t y  (R) = 477. 
hence
M = 0 .6  x  47 = 28.2%
i f
Minimum S t a b i l i t y  (S) = 3 .5  kN
then
"Supply" S t a b i l i t y  = 3.5  x 1-.282
= 4 .5  kN (ap p ro x .)
"Supply" va lues  f o r  S, Q and F have been c a lc u la te d  in  t h i s  way 
using the  a p p ro p r ia te  va lues  of R, from ta b le  6, and a re  p re se n te d  
in  t a b le  53.
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(  58 ")R esu lts  p re sen ted  by H i l l s  suggest t h a t  t y p i c a l ,  designed ,
307o stone H.R.A. m ix tu res  would be more l i k e ly  to  meet the  design  
c r i t e r i a  con ta ined  in  ta b le  53, compared to  the  p ro p o r t io n  of 
ty p i c a l  m ortar  m ix tu res  ( c o n ta in in g  the  same sands as the  307, 
mixes) meeting the  p re s e n t  c r i t e r i a .  In  a d d i t io n ,  the  au th o r  
a lso  c o n s id e rs  i t  to  be e a s i e r  to  make adjustm ents  in  the  compo­
s i t i o n  o f  the  Total-M ix, in  o rd e r  to  meet Design C r i t e r i a ,  than  
i t  i s  to  ta c k le  the problem by co n s id e r in g  the  m orta r  p o r t io n  
of the  mix in  i s o l a t i o n .  F u r th e r ,  i f  the  r e p r o d u c i b i l i t y  of 
M arshall T est r e s u l t s  could  be improved, as c l e a r l y  i t  must, then  
the  "supply" va lu es  ( t a b le  53) would be somewhat reduced , w ith  
the  p o s s i b i l i t y  t h a t  an in c reased  range of m ix tu res  would then  
be conside red  s u i t a b le  f o r  u s e .
The p reced ing  d is c u s s io n  has considered  Mix Design from the  p o in t  
o f  view of en su r in g  adequate r e s i s t a n c e  to  de form ation . The 
Total-M ix design  p rocedure , has however f u r t h e r  advantages in  
t h a t  i t  would a llow  s p e c i f i c a t i o n  of requ irem ents  re g a rd in g  
( i )  the  void c o n ten t  of m ix tu res
( i i )  the  degree of compaction to  be ach ieved .
Percentage Voids in  th e  Mix (V^) i s  u s u a l ly  s p e c i f ie d  in  terms 
of minimum and maximum v a lu e s .  The former i s  to  ensure  t h a t  
th e re  i s  s u f f i c i e n t  void space w i th in  the  compacted mix to  a llow  
s l i g h t  expansion  of the  b in d e r ,  due to  a d d i t io n a l  compaction under 
t r a f f i c  and in c re a se s  in  tem p era tu re ,  w ithou t producing f lu s h in g  
and the a s s o c ia te d  decrease  in  r e s i s t a n c e  to  de fo rm ation . The 
l a t t e r  (maximum V^) i s  to  ensure  t h a t  void co n ten t  i s  s u f f i c i e n t l y  
low, so th a t  the  m ixture  remains impermeable to  a i r  and w a te r .  
Although i t  would be p o s s ib le  to  s p e c ify  upper and lower l i m i t s ,
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in  terms of the  m orta r  on ly , fo r  use in  co n ju n c t io n  w ith  the  p re se n t
design  procedure f o r  s e l e c t in g  OBC,^^ a much more lo g ic a l  approach
would be to  co n s id e r  the  Void Content of the  Total-M ix th e reb y
en su r in g  th a t  the  a c tu a l  m ixture  l a id  on the  road had adequate
d u r a b i l i t y .  For H.R.A. M ixtures co n ta in in g  307, s to n e ,  a lower
( 65)l im i t  on Vj,j i s  u s u a l ly  cons idered  to  be about 27,, while  the
( 202)upper l im i t  could be as h igh  as 8 or 97, w ith o u t  caus ing  the
m ixture  to  be perm eable . A t y p ic a l  range of which might
(203)be s p e c i f ie d  i s  3 - 57,, a lthough  the au tho r  c o n s id e rs  the
upper l im i t  might be somewhat r e s t r i c t i v e .
The degree to  which a m ixture  i s  compacted can have a s i g n i f i c a n t  
e f f e c t  upon the fo l lo w in g :
( i )  i t s  r e s i s t a n c e  to  deform ation
( i i )  the  b in d e r  co n ten t  re q u ire d  to  produce optimum performance
( i i i )  i t s  a i r  void  c o n ten t  and consequen tly  i t s  d u r a b i l i t y .
The com position of a m ixture  designed in  the  la b o ra to ry ,  has been 
s e le c te d  to  op tim ise  c e r t a i n  p r o p e r t i e s  o f  t h a t  m ix tu re ,  bu t i s  
only  the  case f o r  the  p a r t i c u l a r  degree of Compaction achieved 
in  the  l a b o ra to ry .  A m ixture  having such a com position , l a id  
on the  road w i l l  have very  d i f f e r e n t  p r o p e r t i e s  i f  no t compacted 
to  the  same degree as in  the la b o ra to ry .  The problem th e r e f o r e  
i s  to  ensure  t h a t  a s - c o n s t ru c te d  d e n s i ty  approxim ates la b o ra to ry  
d e n s i ty .  Many c o u n t r ie s  sp e c ify  t h a t  the d e n s i ty  of co res  taken  
from a s -c o n s t ru c te d  pavements, should be a g iven  percen tage  of 
la b o ra to ry  d e n s i ty  (u s u a l ly  in  terms o f M arshall  Com paction).
A ty p ic a l  requirem ent fo r  dense bitum inous su r fa c in g s  i s  an a s -  
c o n s tru c te d  d e n s i ty  of 987, M arshall d e n s i ty  ( i n  the  l a b o r a to r y ) .
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The only way such c r i t e r i a  could be ap p lied  to  H.R.A., i s  i f  p a r t  
i f  no t a l l  of the  Design procedure i s  c a r r i e d  out in  terms of 
the T o ta l  Mix.
6 .6  L abora tory  - Road C o r re la t io n s
In  the  p r a c t i c a l  s i t u a t i o n ,  the optimum m ixture com position  from 
a performance p o in t  o f  view i s  dependent upon many f a c t o r s : -  degree 
of compaction, sk idd ing  r e s i s t a n c e ,  f a t ig u e  r e s i s t a n c e  and r e s i s ­
tance  to  defo rm ation , e t c .  The optimum m ixture com position
from the p o in t  o f  view o f each must be co n s id e red , and a compromise 
made between the  requ irem en ts  o f  each . The optimum m ixture  
com position  in  terms of in - s e r v ic e  perform ance, can only  be d e t e r ­
mined by s tudy ing  the  behav iour o f  in - s e r v ic e  pavements.
As s t a t e d  e a r l i e r  (c h a p te r  3 ) ,  i t  was in ten d ed , as p a r t  o f the  
c u r re n t  in v e s t i g a t i o n ,  to  c a r ry  out a comparison in  terms of r e s ­
i s ta n c e  to  defo rm ation , so t h a t  la b o ra to ry  OBC's could  be compared 
w ith  in - s e r v ic e  behav iour .  However, no d a ta  has y e t  been pub­
l i s h e d  reg a rd in g  the  performance of the t e s t  s e c t io n s  l a id  on
(59)the  A33 a t  W inchester , and hence t h i s  comparison has n o t  proved 
p o s s ib le .  The au th o r  has access  to  only  l im i te d  d a t a ^ ^ ^  on 
the  e a r ly  performance o f th e se  s e c t io n s  and c o n s id e rs  i t  to  be 
i n s u f f i c i e n t  to  enable  any m eaningful in fe re n c e s  to  be made or 
c onc lus ions  to  be drawn a t  t h i s  s ta g e .
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7. MAIN CONCLUSIONS
7.1  In t ro d u c t io n
The fo llow ing  s e c t io n s  c o n ta in  a summary of the  p r in c ip a l  f in d in g s  
and c o n c lu s io n s ,  r e l a t e d  to  each a sp ec t  of the  work conducted 
during  the  course  o f  the  c u r r e n t  i n v e s t i g a t i o n .
7.2 The M arshall Test
7 .2 .1  Test Procedure
( i )  Using the  p rocedures  developed during  t h i s  work, t e s t  s p e c i ­
mens, having w i th in  c lo se  to le r a n c e s ,  the  d e s i re d  b in d e r  c o n ten t  
and aggregate  g ra d a t io n ,  could be produced.
( i i )  No p r a c t i c a l  problems were encountered  using  the  Load Ce11- 
Chart Recorder system f o r  the  d e te rm in a t io n  of S t a b i l i t y  and Flow 
'v a lu e s .
( i i i )  Provided a t e s t i n g  machine capable  o f app ly ing  load a t  
a c o n s ta n t - r a t e  o f  s t r a i n  i s  used, th e re  i s  no reason  to  doubt 
the  v a l i d i t y  o f  Flow va lues  determ ined in  the  above manner.
( iv )  No p r a c t i c a l  problems were encountered  when the  t e s t i n g  
procedure was extended to  H.R.A. m ix tu res  c o n ta in in g  up to  557, 
by mass o f s t o n e . •
7 .2 .2  R e p e a ta b i l i ty  and R e p ro d u c ib i l i ty
( i )  For H.R.A. m ix tu res  c o n ta in in g  up to  557o by mass o f  s to n e ,  
the  mean d i f f e r e n c e  between d u p l ic a te  t e s t  runs (over a range 
o f b in d e r  c o n te n t ,  f o r  nom inally  i d e n t i c a l  m ix tu re s ,  in  a s in g le  
la b o ra to ry )  was found to  be:
between the b in d e r  c o n ten ts  correspond ing  to 
maximum = 0 . 27o
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between the b in d e r  c o n ten ts  corresponding  to  
maximum = 0.257,
between the b in d e r  c o n ten ts  corresponding  to  
maximum S = 0.47,
between the maximum v a lues  of 
M arshall S t a b i l i t y  (S) = 0.75 kN
between M arshall OBC's = 0 .2 %.
( i i )  A very  l im i te d  study  was c a r r i e d  out to  a s se ss  the  rep rodu­
c i b i l i t y  of t e s t  r e s u l t s  ( f o r  nom inally  i d e n t i c a l  m ix tu re s )  between 
two la b o r a to r i e s  (S h e f f ie ld  and E .R .C .A .) , i n s u f f i c i e n t  r e s u l t s  
were ob ta ined  to  a llow  any sound con c lu s io n s  to  be drawn.
( i i i )  Taking the  above r e s u l t s  a t  face  v a lu e ,  the  r e p r o d u c i b i l i t y  
a t  f i r s t  s ig h t  would appear to  be good. The au th o r  sugges ts  
th a t  t h i s  i s  due to  the  e f f o r t s  made to  d u p l ic a te  the  equipment 
and procedures  used in  the  two l a b o r a t o r i e s .  However, more 
work i s  re q u ire d  to  a s c e r t a in  i f  t h i s  i s  the  c a se .
7 .2 .3  Method of Measurement of S t a b i l i t y :
( i )  The method used to  measure S t a b i l i t y  was found to  have 
a pronounced e f f e c t  upon the r e s u l t s  o b ta ined  fo r  nom inally  id e n ­
t i c a l  m ix tu res .
( i i )  For d u p l ic a te  t e s t s  on nom inally  i d e n t i c a l  H.R.A. m ix tu res  
c o n ta in in g  up to  407, by mass o f s to n e ,  over a range of b in d e r  
c o n te n t s ,  i t  was found th a t  the value of the  b in d e r co n ten t  c o r r ­
esponding to  maximum S and value o f  maximum S t a b i l i t y  (S ) ,  f o r
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the  m ix tu res  t e s t e d  using  the Load C e l l  were on average 1.07o and 
1 kN r e s p e c t iv e ly ,  g r e a te r  than  the  corresponding  va lues  fo r  mix­
tu r e s  t e s t e d  using  the  Load Ring, in  p lace  of the  Load C e l l .
( i i i )  For H.R.A. m ix tu res  c o n ta in in g  0 and 307o by mass s to n e ,  
a t  a s in g le  b in d e r  c o n te n t ,  the  d i f f e r e n c e  between the  va lu es  
of S t a b i l i t y  determ ine by the  Load C e l l  and the Load Ring, was 
found to  be s i g n i f i c a n t  a t  the  57, l e v e l .
7 .2 .4  R esu l ts  Obtained fo r  H.R.A. M ix tu re s :
( i )  For H.R.A. m ix tu res  c o n ta in in g  between 30 and 557, by mass 
of s to n e ,  the  Optimum Binder Content determ ined as the  mean of 
the  b in d e r  c o n te n ts  corresponding  to  maximum S^, and S, are  
approxim ate ly  in v e r s e ly  p ro p o r t io n a l  to  Stone Content and c lo s e ly  
r e l a t e d  to  the  OBC of the  m o rta r .
( i i )  On average , f o r  stone c o n te n ts  between 30 and 557, by mass, 
the 0BCfs determ ined in  the  above manner, a re  0.77, by mass le s s  
than  the  Target Binder Contents s e le c te d  accord ing  to  the  B.S.
594 d esign  p rocedure .
7 .3  The In d i r e c t - T e n s i l e  Test
7 .3 .1  Test Procedure
( i )  Specimens of H.R.A. co n ta in in g  up to  557, by mass o f  s to n e ,  
t e s t e d  by t h i s  method, f a i l e d  due to  t e n s i l e  s t r e s s e s  a c t in g  p e r ­
p en d icu la r  to  the  loaded d ia m e tra l  p lan e .
( i i )  The e f f e c t  on measured s t r e n g th ,  of the "V" shaped wedges 
which form d i r e c t l y  beneath  the  loading  s t r i p s  during  t e s t i n g  
was undetermined.
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7 .3 .2  R esu l t s  Obtained fo r  H.R.A. M ix tu re s :
( i )  For H.R.A. m ix tu res  co n ta in in g  up to  557. by mass of s to n e ,  
the  b in d e r  c o n ten t  corresponding  to  maximum ITS, was found to  
be approxim ate ly  equal to  t h a t  co rrespond ing  to maximum S, f o r  
nom inally  i d e n t i c a l  m ix tu res  t e s t e d  by the  M arshall method.
( i i )  OBC's determ ined as the  mean o f the  b in d e r  c o n te n ts  c o r r e s ­
ponding to  maximum va lues  of Sm9 Sa and ITS were approx im ate ly  
equa l to  the M arshall OBC's determ ined f o r  nom inally  i d e n t i c a l
H.R.A. m ix tu res  c o n ta in in g  up to  557, by mass of s to n e .
( i i i )  The apparen t agreement between the  OBC's determ ined by 
the  M arshall and I n d i r e c t  T en s ile  methods, i s  conside red  by the  
au th o r  to  be p a r t l y  due to  the  f a c t  t h a t  the  same method o f com­
p a c t io n  was used in  both t e s t s . .
7 .4  R e la t io n sh ip  between M arshall S t a b i l i t y  and I n d i r e c t - T e n s i l e  
S tren g th
( i )  For H.R.A. m ix tu res  c o n ta in in g  up to  557, by mass o f  s to n e ,  
a s tro n g  l i n e a r  r e l a t i o n s h ip  of the  form 
y = m x +  c
was found to  e x i s t  between M arshall S t a b i l i t y  (x) and I n d i r e c t  
T en s ile  S tren g th  ( y ) .
( i i )  The r e l a t i o n s h ip  between M arshall S t a b i l i t y  and I n d i r e c t  
T en s ile  S tren g th  was found to  be dependant upon the type o f sand 
con ta ined  in  the  m ix tu res .
( i i i )  For the  two sands s tu d ie d ,  the  s lopes  of the  b e s t - f i t  s t r a i g h t
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l i n e s  through the exper im en ta l  d a ta  were approxim ately  equa l in  
both  c a se s ,  however the  p o s i t io n  of th e se  l in e s  d i f f e r e d  co n s id ­
e ra b ly  due to  d i f f e r e n c e s  between the  two sands.
7 .5  The Whee1-Tracking Test
7 .5 .1  Test P ro ced u re :
( i )  Specimens produced by r o l l e r  compaction were found to  have 
a non-uniform  d e n s i ty  d i s t r i b u t i o n .  In  p a r t i c u l a r ,  the  d e n s i ty  
o f  the  c e n t r a l  p o r t io n  o f  specimens was somewhat g r e a te r  than  
the  d e n s i ty  of the  specimen conside red  as  a whole.
( i i )  The compactive e f f o r t  used throughout t h i s  i n v e s t ig a t i o n  
was unable to  reproduce ( f o r  nom inally  i d e n t i c a l  m ix tu res )  the  
degree of compaction produced by the  M arshall method.
7 .5 .2  R esu lts  Obtained f o r  H.R.A. M ix tu re s :
( i )  For H.R.A. m ix tu res  c o n ta in in g  between 30 and 557. by mass 
of Stone, compacted over a range of b in d e r  c o n te n t s ,  u s ing  r o l l e r  
compaction, the b inde r  c o n ten ts  co rrespond ing  to  maximum S^ and 
S^ were found to  be on average 1.07» g r e a t e r  than  those  f o r  nom inally  
i d e n t i c a l  m ix tu res ,  compacted by the M arshall method.
( i i )  I t  was p o s s ib le  to  de f in e  an OBC in  terms o f Wheel T racking 
t e s t  r e s u l t s ,  as the mean o f the  b in d e r  c o n ten ts  co rrespond ing  
to  maximum Sm and S^, and the p o in t  a t  which Tracking Rate beg ins  
to  in c re a s e  s h a rp ly .
( i i i )  OBC's determined in  the above manner were found to  be on
2 5 3
average , 1.07, g r e a te r  than  those  determined f o r  nom inally  i d e n t i c a l  
m ix tu res  us ing  the M arshall method.
7 .6  R e la t io n sh ip  between M arshall R esu lts  and Wheel Tracking 
R esu lts
( i )  Both M arshall S t a b i l i t y  and M arshall Q uotien t a re  s t ro n g ly  
r e l a t e d  to  de form ation , as measured in  the Wheel-Tracking t e s t .
( i i )  For H.R.A. m ix tu res  c o n ta in in g  between 30 and 557. by mass 
s to n e ,  the  fo llow ing  r e l a t i o n s h ip s  were d e r iv ed :
Tracking r a t e  = 125(M arsha ll  S t a b i l i t y )
(mm/hr) (kN)
- 2 . 1
Tracking r a t e  = 3 .4 (M arsh a ll  Q uo tien t)  
(mm/hr) (kN/mm)
-1 .3dc )
-1 .5RDiooo = 64(M arshall S t a b i l i t y )
(mm) (kN)
- 0  8RDiooo = 4 .6 (M arsh a ll  Q uo tien t)
(mm) (kN/mm)
( i i i )  A ll  o f  the  above r e l a t i o n s h ip s  were found to  be independent 
o f the  type of sand used in  the  mix, excep t in  the  case  o f  t h a t  
between RD^qqq and M arshall Q u o tien t,  f o r  which a s ep a ra te  r e l a t i o n ­
sh ip  was found to  e x i s t  f o r  each o f the  two sands s tu d ie d .
7.7 Optimum Binder Content in  R e la t io n  to  Mixture P r o p e r t ie s  
( i )  For H.R.A. m ix tu res  c o n ta in in g  between 30 and 557. by mass 
o f s to n e ,  the b in d e r  c o n ten t  correspond ing  to  the p o in t  a t  which 
Tracking Rate (as  determined by the  Wheel Tracking t e s t )  beg ins  
to r i s e  sh a rp ly  c o in c id es  w ith  the b in d e r  co n ten t  a t  which the  
aggregate  s t r u c tu r e  achieves  i t s  d en se s t  packing (under the
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c o n d i t io n s  of  R o l l e r  compaction) .
( i i )  For H.R.A. m ix tu res  co n ta in in g  between 0 and 557, by mass 
o f  s to n e ,  the b in d e r  c o n ten t  corresponding  to  maximum M arshall 
S t a b i l i t y ,  c o in c id es  approx im ate ly  w ith  the  b in d e r  co n ten t  a t  
which the  aggregate  s t r u c tu r e  ach ieves  i t s  d en se s t  packing (under 
c o n d i t io n s  of M arshall Compaction).
( i i i )  The OBC's determ ined from the r e s u l t s  o b ta ined  in  M arshall 
and Wheel-Tracking t e s t s ,  a re  only s l i g h t l y  g r e a te r  than  the  b in d e r  
c o n ten t  a t  which the  aggregate  s t r u c tu r e  a t t a i n s  i t s  d e n se s t  pack­
ing  (under c o n d i t io n s  o f  M arshall and R o l le r  Compaction r e s p e c t i v e l y ) .
7 .8  Mixture P r o p e r t ie s  in  R e la t io n  to  R es is tance  to  Deformation 
( i )  The r e l a t i o n s h ip s  between M arshall Param eters  and Tracking 
Rate in d ic a te  t h a t  f o r  H.R.A. m ix tu res  c o n ta in in g  between 30 and 
557, by mass s to n e ,  Tracking Rate begins to  in c re a se  sh a rp ly  f o r  
v a lu es  of M arshall S t a b i l i t y  and M arshall Q uotien t below 7 .0  kN 
and 1.5 kN/mm, r e s p e c t iv e ly .
( i i )  In  a s im i la r  manner to  the  above, i t  was found t h a t  l i t t l e  
advantage ( i n  terms of r e s i s t a n c e  to  deform ation) i s  gained  from 
the  use of m ix tu res  having e x c e p t io n a l ly  h igh  va lues  of M arsha ll  
S t a b i l i t y  or Q uo tien t.
( i i i )  I t  i s  suggested t h a t  on the  b a s is  of the r e l a t i o n s h i p s  
e s ta b l i s h e d  during  the  c u r r e n t  in v e s t i g a t i o n  and the  recommended 
maximum Wheel-Tracking r a t e s  fo r  g iven  volumes; S to n e -F i l le d  H.R.A. 
m ix tures  c a r ry in g  6000 commercial v e h ic le s  per lane p e r  day in
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the  U.K., would be re q u ire d  to  p ossess  the  fo llow ing  p r o p e r t i e s .
M arshall S t a b i l i t y  = 7 .5  kN )
) minimum
M arshall Q uotien t = 1.5 kN/mm )
( iv )  For a 1 in  20 chance th a t  the  m a te r i a l  f a l l s  o u ts id e  s p e c i ­
f i c a t i o n ,  these  minimum va lues  o f M arshall  S t a b i l i t y  and Q uo tien t ,  
a re  n e c e s s a r i ly  in c re a se d  to  9 .4  kN and 2 .0  kN/mm r e s p e c t iv e ly .
7.9 P r in c ip a l  F indings and Conclusions
The au th o r  c o n s id e rs  a l l  th re e  t e s t  methods (M arsha ll ,  I n d i r e c t -  
T en s ile  and W heel-Tracking) to  be s u i t a b le  f o r  a p p l ic a t io n s  to  
Mix Design. For the  H.R.A. m ix tu res  c o n s id e red ,  the  param eters
measured in  each (M arshall  S t a b i l i t y ,  I n d i r e c t - T e n s i l e  S tren g th  
and Wheel-Tracking Rate) were found to  be capable  o f  d e te c t in g  
changes in  b in d e r  c o n te n t ,  stone c o n ten t  and type o f f in e  a g g re g a te .  
F u r th e r ,  when ap p l ie d  to  H.R.A. m ix tu res ,  over a range of b in d e r  
c o n te n t ,  the  r e s u l t s  ob ta ined  were ab le  to  in d ic a te  changes in  
b in d e r  requ irem en t,  as a r e s u l t  o f  changes in  stone c o n ten t  and 
f in e  aggregate  ty p e .
The Wheel-Tracking t e s t  might a t  f i r s t  s ig h t  be conside red  the  
b e s t  of the  th re e , ,  as i t  g ives  an assessm ent of m ixture  performance 
under " r e a l i s t i c ” loading  c o n d i t io n s .  However, from the  p o in t  
of view of the  time n e c e s s a r i ly  devoted to  the  manufacture and 
t e s t i n g  o f specimens, i t 's  use f o r  ro u t in e  purposes becomes le s s  
a t t r a c t i v e .  U t i l i s i n g  a system such as the  M arshall t e s t ,  f a c i ­
l i t a t e s  the  assessm ent of a la rg e  number of co m positiona l v a r i a t i o n s  
w i th in  a r e l a t i v e l y  s h o r t  tim e , (see ta b le  54).
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Table 54
Marshall  Test  - Wheel-Tracking Test  (T es t ing  Sequence)
(F igu res  in  b ra c k e ts  - number of specimens d e a l t  w ith  
in  each o p e r a t i o n ) .
MARSHALL TEST WHEEL-TRACKING TEST
MONDAY Sample p re p a ra t io n Sample p re p a ra t io n
TUESDAY Compaction (24) Compaction (4)
WEDNESDAY D ensity -vo ids  
de te  rm in a tio n  
T es t in g  (24) 
Sample p re p a ra t io n
Compaction (4 )
THURSDAY Compaction (24) Density-Voids
d e te rm in a t io n
FRIDAY D ensity -vo ids  
d e te rm in a t io n  
T es t in g  (24)
T es tin g  (8)
MONDAY Sample p r e p a ra t io n Sample p re p a ra t io n
TUESDAY Compaction (24) Compaction (4)
WEDNESDAY D ensity -vo ids  
d e te rm in a tio n  
T es t in g  (24) 
Sample p re p a ra t io n
Compaction (4)
THURSDAY Compaction (24) D ensity -vo ids
d e te rm in a tio n
FRIDAY D ensity -vo ids  
d e te rm in a tio n  
T es t in g  (24)
T es t in g  (8)
T o ta l  number of 
specimens t e s t e d  96
Number of t e s t  runs 4 (12)
(number of b in d e r  
c o n ten ts  shown in  
b ra c k e ts )
16 
2 ( 8 )
The In d i r e c t - T e n s i le  t e s t  (conducted on M arshall specimens) has 
the  advantage of being ab le  to  a ss e s s  q u ick ly  a la rge  number of 
com posit ional v a r i a t i o n s .  However, because i t  p rov ides  a measure 
of t e n s i l e  s t r e n g th ,  the  au tho r  c o n s id e rs  i t s  use in  a s s e s s in g  
the r e s i s t a n c e  of a mix to  deform ation  may be l im i te d ;  r e s i s t a n c e  
to  deform ation  i t s e l f  being r e l a t e d  to  the  mixC^s a b i l i t y  to  r e s i s t  
the  accum ulation of p l a s t i c  de fo rm ation . F u r th e r  work i s  re q u ire d
to  determ ine i t s  u s e fu ln e s s  in  a s s e s s in g  the  r e s i s t a n c e  of the  
mix to  c rack ing  a n d / o r ' f a t ig u e  f a i l u r e .
On the b a s i s  of the  above, the  M arshall  method o f Mix Design i s ,  
i n  the  a u th o r 's  o p in io n ,  the  b e s t  a l t e r n a t i v e  a t  p re s e n t  a v a i l a b l e .  
However, f u r t h e r  improvement upon the procedure a t  p re s e n t  used 
i s  conside red  p o s s ib le .  A more lo g ic a l  approach would be to  
c a r ry  out the  des ig n  procedure on the  T o ta l  Mix (coa rse  aggregate  
in c lu d e d ) .  This would appear f e a s ib l e  in  the  l i g h t  of the  f a c t  
t h a t  no p r a c t i c a l  problems were experienced  in  ex tend ing  the  p ro ­
cedure to  H.R.A. m ix tu res  c o n ta in in g  up to  55% by mass o f s to n e .
The OBC's determ ined fo r  such m ix tu res  (based on the  mean o f the  
b in d e r  c o n ten ts  corresponding  to  maximum Sm? Sa and S) were found 
in  each case to  co inc ide  c lo s e ly  to  the  p o in t  a t  which the  aggreg­
a te  s t r u c tu r e  a t t a i n s  i t s  d en se s t  pack ing . This s i t u a t i o n  of
den se s t  packing has been shown ( i n  Wheel-Tracking t e s t s )  to  c o r r ­
espond to  a b in d e r  c o n te n t ,  above which the  m ixture^ r e s i s t a n c e  
to  deform ation  beg ins  to  decrease  markedly. In  the  a u t h o r ' s  
op in io n ,  t h i s  tends  to  in d ic a te  t h a t  OBC's determ ined in  the  above 
manner, would provide a m ixture  having the  b e s t  compromise between 
r e s i s t a n c e  to  deform ation  on the  one hand, and d u r a b i l i t y  on the  
o t h e r .
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However, before  t o t a l  confidence  can be p laced  in  r e s u l t s  o b ta in ed , 
s i g n i f i c a n t  improvements in  r e p r o d u c ib i l i t y  must be made. On 
the  b a s i s  of the  r e s u l t s  o b ta ined  in  t h i s  in v e s t i g a t i o n ,  the  au tho r  
c o n s id e rs  t h i s  may be achieved ( i n  p a r t )  b y :-  
( i )  u t i l i s i n g  a t e s t i n g  system which allow s the con tinuous 
measurement o f  Force and Deformation during  the  t e s t ,  th e reb y  
removing any "human" elem ent from the  d e te rm in a tio n  o f S t a b i l i t y  
and Flow
( i i )  e x e r c is in g  c lo s e r  c o n t ro l  over the  compaction and t e s t i n g  
equipment (and p rocedures)  to  be used, i . e .  the  s p e c i f i c a t i o n  
o f  only  a s in g le  compaction and t e s t  method
( i i i )  the  in t r o d u c t io n  of methods by which the  " c a l i b r a t i o n "  o f 
the  compaction and t e s t i n g  equipment could  be checked a g a in s t  
r e q u ire d  s tan d a rd s .
The e x is te n c e  o f  a c lo se  r e l a t i o n s h ip  between M arshall param eters  
and r e s i s t a n c e  to  deform ation  (a s  measured in  the Wheel-Tracking 
t e s t )  f o r  H.R.A. m ix tu res  c o n ta in in g  30 to  557. by mass o f  s to n e ,  
means t h a t  d esign  c r i t e r i a  could be e s t a b l i s h e d ,  in  o rd e r  to  ensu re  
t h a t  m ix tu res  could be designed to  have the  re q u ire d  degree of 
r e s i s t a n c e  to  deform ation  f o r  a g iven  a p p l i c a t io n .
F u r th e r ,  Mix Design in  terms of the  Total-M ix would a lso  enab le  
the  s p e c i f i c a t i o n  of minimum and maximum void c o n te n t s ,  to  ensure  
t h a t  the  m ix tu res  produced p ossess  adequate d u r a b i l i t y .  More 
im p o r tan tly  however, i t  would enable  the  a s - c o n s t ru c te d  d e n s i ty  
o f  pavements to  be c o n t ro l le d  by means of "en d -p o in t"  s p e c i f i c a t i o n ,  
the  d e n s i ty  re q u ire d  in  c o n s t r u c t io n  being s p e c i f ie d  as a p e rc en ­
tage of the la b o ra to ry  d e n s i ty  a t t a in e d  under M arshall com paction.
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From the p o in t  of view of r e s i s t a n c e  to  deform ation  and d u r a b i l i t y ,  
the  degree of compaction has been shown to  be of g re a t  importance 
in  de term in ing  the  amount of b in d e r  re q u ire d  to  produce an optimum 
m ixture com position .
In  a s s e s s in g  the  s u i t a b i l i t y  of the  optimum b inde r  c o n te n ts  d e t e r ­
mined using  the  M arshall method, i t  i s  e s s e n t i a l  t h a t  they  are  
compared w ith  the  b in d e r  c o n ten ts  of in - s e r v ic e  m ix tu res  which 
d is p la y  optimum performance w ith  re s p e c t  to  r e s i s t a n c e  to  d e f o r ­
m ation . In  t h i s  r e s p e c t ,  the r e s u l t s  of the c u r r e n t  i n v e s t i g a t i o n  
w i l l  take  on in c re a se d  im portance, as in fo rm atio n  re g a rd in g  the  
performance of the  307. stone H.R.A. m ix tu res  l a id  in  ex p e r im en ta l  
s e c t io n s  on the  A33 W inchester by -p ass ,  becomes a v a i l a b l e .
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FURTHER WORK
The au th o r  c o n s id e rs  t h a t  th e re  are  s e v e ra l  to p ic  a r e a s ,  con ta in ed  
w i th in  the  p re se n t  s tudy , which w arran t f u r t h e r  i n v e s t i g a t i o n  
as fo l lo w s : -
1. An i n t e r - l a b o r a t o r y  s tudy  (u s ing  nom inally  i d e n t i c a l  m ix tu res )  
to  determ ine i f  the  c lo se  d u p l ic a t io n  o f  the  ap p ara tu s  and p ro ­
cedures  used in  the  ex ec u t io n  of the  M arshall T e s t ,  lead s  to  an 
improvement in  the  R e p r o d u c ib i l i ty  of t e s t  r e s u l t s  (a s  compared.
to  the va lu es  w idely  quoted a t  p r e s e n t ) .
2. A study  (u s ing  nom inally  i d e n t i c a l  m ix tu re s ) ,  to  determ ine
i f  d i f f e r e n t  methods of measuring M arshall S t a b i l i t y ,  have a mat­
e r i a l  e f f e c t  upon the  r e s u l t s  o b ta in e d .  ( i . e .  d i f f e r e n c e  between 
Load C e l l  and Proving R ing).
3. C o r re la t io n  of I n d i r e c t - T e n s i l e  Test r e s u l t s  w ith  F a tigue  
L ife  ( f o r  H.R.A. m ix tu re s ) ,  to  e s t a b l i s h  i f  t h i s  t e s t  method 
( I n d i r e c t - t e n s i l e )  might be u s e f u l  f o r  a s s e s s in g  m ix tu res  from 
t h i s  p o in t  of view.
4. A d e ta i l e d  study  o f the  e f f e c t  of degree of compaction ( r o l l e r )  
upon the  performance of H.R.A. m ix tu res  in  the  W heel-Tracking
Test and the  b in d e r  requirem ent ( f o r  optimum perform ance) o f  such 
m ix tu res  in  d i f f e r e n t  s t a t e s  of compaction.
5. F u r th e r  s tu d ie s  of the  n a tu re  d e sc r ib ed  h e re in ,  to  e s t a b l i s h  
f u r t h e r  c o r r e l a t i o n s  between M arshall Param eters ( S t a b i l i t y  and 
Q uo tien t)  and Tracking Rate, in  o rd e r  to  determ ine i f  a s in g le  
r e l a t i o n s h ip  between these  param eters  f o r  H.R.A. m ix tu res  c o n ta in in g
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a wide range of f in e  aggregate  ty p e s .
6. R e -an a ly s is  of the r e s u l t s  ob ta ined  in  the  c u r r e n t  in v e s t ig a t i o n  
when r e s u l t s  reg a rd in g  the  performance of the  A33 t e s t  s e c t io n s  
become a v a i l a b le .  This w i l l  a l low  the  la b o ra to ry  OBC's to  be 
compared w ith  in - s e r v ic e  OBC*s and perm it the  d e te rm in a t io n  of 
the  compactive e f f o r t  re q u ire d  to  reproduce in - s e r v ic e  d e n s i t i e s  
in  the  l a b o r a to r y .
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A. COMPUTER PROGRAMS
A. 1 In t ro d u c t io n
The computer programs used f o r  the  c a l c u l a t i o n  of m ixture  p ropor­
t io n s  and the  a n a ly s is  o f  the ex p er im en ta l  d a ta ,  a re  p re sen ted  
in  the  fo llow ing  s e c t io n s .
Sample p r in to u t s  are  p re sen te d ,  to  which the  re a d e r  i s  r e f e r r e d  
in  o rd e r  to  o b ta in  d e t a i l s  o f  the  c a lc u la t io n s  in v o lv ed . A 
b r i e f  summary o f  each program i s  g iven  a t  the  s t a r t  o f  each s e c t io n .
N.B. A ll  programs are  w r i t t e n  in  F o r tan  IV and were run on an 
IBM 370 machine.
A .2 MIX : Mixture Composition
C a lc u la te s  the  masses (and 7» by mass) of coarse  ag g re g a te ,  f in e  
ag g reg a te ,  f i l l e r  and b in d e r  re q u ire d  to  produce a specimen having 
a g iven  T o ta l  Mass, Stone Content and b in d e r  c o n te n t .  Such 
th a t  the  r a t i o  o f  m a te r i a l  p ass in g  a 2.36 mm sieve  and r e t a in e d  
on a 75 micron s ie v e ,  to  m a te r ia l  p ass in g  a 75 micron s ie v e ,  i s  
6 : 1 .
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/LOAD 73?.? J I
3 PRC5 RAM ? 3  PROPORTION MIXES 7 0 7  MARS'MALL 7 7 3 7
0 EACH MIX TO MATE 0 7 3 * 1  RAT10 0 7  -ATE P. I AL ? AS 31:13  2.5SMM 31Z' -Z  A.J0
0 R77IA.TZD 3M 7 5  .-II c 51 7 7 7  7 0  MATERIAL Pa S 32 :J 3 7 3  : II '7 5 1 7 7 7
0 3271017 ALL VARIABLES A3 3 2 1 .15  REAL
77AL ST, 3 ,  S ,  F,'.-XjT, T3 , VS, TF., TU, 3 7 ,  V 3 7 , X , Y ,  I ,  CR, 7R
• INTEGER J,M'
0 F IR S ?  7.2A.3 IS  EXECUTED ONLY 07(37. TO 3 TAD 7 1 -RS? - DATA CARD
0 READ CONSTANT PARAMETERS
•3 7M =707AL 7 7  0 7  MIX . 7
C X = RE GUI ?.7D PERC EM?AGE RETAINED OM 7 5  MI.C 5 1 7 7 7  TO GIVE 5 7 3  I EAT 1 0 
C C?.= PERCENTAGE 0 7  SAND' RETIAMED OM 7 3  MIC 3 1 2 7 7
C FR=?SRC2>J7AGS 0 7  7 IL L 2 R  RETAINED. CM 7 5  MIC 3 1 7 7 7
C 5T=?ERC2U? 3Y 7-T 0 7  STONE 17  MIX
C :•! = .-JO 0 7  DATA CARDS OR LIMES 0 7  .DATA
1 ’ READC 9 ,  2 )  t / iLXj.GR, FR, 5 T ,U
2 70RMATC2 7 6 . 3 , 3 7 3 * 3 ,  1 3 )  - ■
0 3ECOMD READ- I S '  EXECUTED FOR EVERY DATA CARD A7TER THE F IRST  
C READ RERCEMT -SY JJT OF. BINDER REQUI RaD IM-MIX ( 3 )•J=i . .. ; . . .
Z READC9 , 4 )  3
4 70R M A 7C 74 .  3 )  . X .
• -J-J+-1 • /  ' '
C CALCULATE 7 7  0 7  SIMD7R REOUI RED' IM M I X C V 3 )
. 5 7 3 = 7 M * C 3 / I 3 3 )  - ' * ' • ' .
C CALCULATE'-PERCErrr-3Yr 7 T  OF SAMD+-"7ILLER IN MIX C SF)- -
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7  L F C .3T .M E -3^ 0) . , '30  TO 12F -.. > ' *
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0  CALCULATE PERCENTAGE • QF' SAME RE2UI RSD I'M' MIX C.Y)
. C i 2  Y=CX-7R)XC.CR-FRK. :- .
C ' CALCULATE. PERCENTAGE.OF FILLER' REQUIRED- D r .  MIX C:7 > '
13' C= t - Y  . -.. V '. V"-'-' .•>. ' - - V -  v  ' '
C  CALCULATE' 7T'OF^SAMD^REClufRED Ov.MEC- GUSy • .. " *! .'  .' ' '
. 14- v s = v s f * y  .
C CALCULATE 7T- OF FILLER R E Q U I R E D IN  MIX Cv/F)'
15 7F=VSF*-Zr ' ..
C CALCULATE ,7T OF- 3T0ME REOUI RED; IM. MIX C7ST>-
13-3 I F C S T . E Q . C . O -  5 0  ■ TO 131 ' ' • ' . ’ . "
2 2 3  IFC 3T..ME* 3*-3> 5 0  TO .-16. ' .
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A.3 MARSH : Marshall  Test  R esu l t s
Analyses of the  r e s u l t s  o b ta ined  in  the  M arshall T e s t .  C a lc u la te s  
the  D ensity  and Void Content of each specimen, and the  va lues  
of S t a b i l i t y ,  Flow and Q uotien t fo r  each specimen.
/LOAD F-0RT31 '
■0 ?RZ3RA, i  TO ANALYSE RESULTS 0 7  MARSHALL TESTS •
0  DEFINE ALL VARIABLES AS BEING REAL
REAL *73., ’* 3 , 5  I ,  3 2 ,  S 3 ,  S 3 ,  3 ,  7 ,  S 3 ,  F3 ,  3 ,  SA,  3 A , 3 T . i ,  YA,  7A, V7,
IS t UFTl ,  SC,  >Z+CF, WS, V 7 ,  7 A,  SF,  VS7 ,  A ,  Y , Z ,  CR,  RF 
I MTS SEP. J  ,  M
C THE F IR S T  READ I S  EXECUTED ONLY OMCE TO READ CONSTANT PARAMETERS 
C MOV READ CONSTANT PARAMETERS 
C S 1=RELATIVZ DEMSITY OF 3T0ME 
C S 2 = RELATIVE DEMSITY OF SAND ’
C 3 3=R SL A T IV B  DEMSITY OF -FILLER 
C -53= RELATIVE DEMSITY OF BITUMEU 
C FD=COMVERSION FACTOR FOR FLOW
C SD=CONVZRSI OM FACTOR FOR S T A 3 I H T Y
C M =N0 OF DATA CARDS OR LIMES OF DATA
C 7M=TOTAL 7 T  OF’ MIX --------
C-71=P£RCEM T BY 7T  STOME IM M I X *
C X = PERCENT REQUIRED RETAINED OM 7 5  MIC SIE VE TO, GIVE S'TO I RATIO 
C CR*PERCEMT SAMD RETAINED OM 7 5 '  MIC. . .
C RF=PERCEMT FILLER RETAINED OM 7 5  MIC
2  RSADC.9> 3 )  S I*  S 2 *  5 3 *  SB* FD*SD.*M* VfA ,  X* V I ,  CR,  R7
3 F 0 R M A T C 4 F 5 .3 * 2 F 6 .  0* I 3 * F 7 .  3 * F 6 . 3 * 3 F 5 . 3 )
C WRITS AMD .-LABEL CONSTANT- PARAMETERS -JUST READ 
' J=I.
4 : 7 R I T E C 6 * 5 )  S I * S 2 * S 3 * ~ S S * F D * S D  
: 5 FORMATC iH  1* 3 INCONSTANT PARAMETERS IM A N A L Y S I S / / '
H R  *■3 0HRELATIVS DENSITY OF STOME. •■* F A . 2 / /
2IH  *30HRELATIVE DEMSITY OF SAND . =' FA. 2  / /
. 31H * 33HRELATIVE DEMSI TY OF F IL L E R  = FA. 2  / /
AIH * 33HRELATI VE‘ DEM SI TY OF BITUMEN = FA. 2  / /
SIR. ,  3 3 H F L 0 7  CONVERSION'FACTOR = F 5 . 3 / /
61H *• 3 0H STA B IL IT Y  CONVERSION FACTOR -  F 3 . I  / / >  .. -
C. GIVE HEADING AID LABEL. TABLE OF CALCULATED VALUES 
' 2 3 3  VP.ITEC 6 * 1 3 3 )
1-33 FORMATC 1H ,  53HANALYSI S OF MARSHALL. TEST* TAEULATIOM OF CALCULATED
I VALUES / • /  - ‘
21H" *69H  7B; S.,; . SM - SA - - STR VM' VA 7F  3R . SC
3 FR • Q. / /> !  . . " , '
C* NECT READ WILL. BE-‘EXECUTED FOR EVERY DATA CARD AFTER THE- FIRST
6 READC9*7) 7 * V V * 7 3 * 3 * .F  - -
C THERE • • *
C 7  *VT O F'SPEC IN A I R  '
C ’77=71* OF SPEC. IM 7ATER . '
C 73=PSRCEMT 3Y 7 T  OF BITUMEN. IM MIX
C S = D I S T  ON RECORDER REPRESENTING MAC LOAD
C P  = D IS T  OM RECORDER REPRESENTING FLO7- AT MAX LOAD -
7  FORMATC 2 F 6 . 0* 2 F 5 . 3 , F 6 . 3 )
J = J H  '
C NEXT STATEMENTS CALC 7 2  AND 7 3  TO GIVE o TO 1 RATIO 
C 7 2 = PERCENT 3Y 7T SAND IM MIX
C 73=.PERCEMT 3Y 7T FILLER IM MIX .
7 0  I F C U 1 . Z Q . 3 . 0 )  30  TO 7 2  '
71  IF C 7 1  .ME. 3 ' . 3 )  GO TO 7 4
C CALC PERCENT SAND +■ FILLER IM MIX ( S F )
• 7 2 ' S F = I 2 0 - 7 B
73 3 0  TO 75
7 4  SF=C 1 0 3 - 7 1 )  ---73
C CALC TT SAND + FILLER IM MIX ( 7 S F )
7 5  -7SF=7M*< S F / I 3 3 )  .
C CALC PERCENT SAND REQUIRED IN 7 S F  CY)
7 6  Y = C X -R F ) /C C R -R F )
C CALC PERCENT FILLER REQUIRED IM 7 3 F C O
 7.7 5_rJ_-£/_________,________ ___________________________________________________________
29 6
C CALC TT SAID REQUIRED IN MIX ( 7 S )
7 3  7 S = 7 5 F * Y  
'C CALC 7T FILLER REQUIRED IN MIX ( 7 F )
7<3 7 F = 7 S F :'<G 
C CALC PERCENT SAJD IN TOTAL MIX C7 2 )
3 3  7 2 = < 7 S . / 7 M ) * 1 3 3  
C CALC PERCENT FILLER IM TOTAL MIX ( 7 3 )
31  7 3  = ( 7 F / 7 M ) *  13 3  
C BEGIN CALCULATIONS ,
C 3 = VOLUME OF SPEC I MEN 
5 3 = 7 - 7 7
C 3U=RELATIVZ DEMSITY OF SPECIMEN
9 5 M = 7 /3  ‘
C 5A=CQMPACTZD AGGREGATE DENSITY
13 SA=SM=t‘ ( ( 1 3 3 - 7 3 ) / I  3 3 )
3 3 3  I F ( 7 1  - S O . 3 * 3 )  GO TO 4 3 3  
331. I F (  7 1 .  ME. 0 . 3 )  GO TO I 1
C S7H=THE0RETLCAL MAX RELATIVE DENSITY  
4 3 3  S T H = 1 3 3 /C  < 7 2 / S 2 ) + X  V 3 / S 3 ) + < V 3 / S 3 ) )
4 0 1  GO TO 12 •
11 S T H = 1 0 3 / ( ( 7 1 / S  1 ) + ( 7 2 / S 2 ) + <  V 3 / S 3 ) + C 7 3 / S 3 )  )
C . VM=VOI'DS IM MIX ,  .
12 V M = < C S T H -S M )/S T H )* 1 0 0
C VA= VOIDS IN .MINERAL AGGREGATE
13 ’ V A = V M * (C 7 S * S M )/S 3 >  ' '
C VF=VOIDS FILLED ULTH 3IT U M E U ~'
14 VF=C CU3*SM) /C V A * S S )  ) *  1 3 0  . ’
C OBTAIN ACTUAL FLOW VALUE IN MM* C FR) *3YMULTIPLYING THE D IST  
C REPRESENTING FLOW ON THE RSCORDERC F) 3Y CONVERSION FACTO R( FD)
15 FR=FD*F"
C 03T A IN  ACTUAL 3 T A 3 IL IT Y  VALUE IN  NE7TONS( SR). 5Y MULTIPLYING D IST  
C REPRESENTING S T A 3 IL I T Y  ON RECORDERC 3.) 3Y CONVERSION FACTOR! 3D)
15 5 R = 5 D * S  ‘ -
C DEPENDING UPON SPECIMEN. VOLUMEC3)' A- CORRECTION FACTOR HAS TO 3E  
C APPLIED TO STABILITY' ( SR) * CORRECT!0.7 FACTOR ( CF) I S  
C OBTAINED BY EXTRAPOLATING- TABLE- 12.' OF 3 . S . S 9 4
17 C F = 2 .  5.-C0 . 3 3 2 9  I 2 6 * B )  '
C CALCULATE CORRECTED STABILITY ( S C -) Y :
13 SC =SR *C F  . ' '
C 0=MAR5HALL -1U0TI EUT=STABILI.TY/FLOV .
C D IVIDING  SC 3Y 1 3 3 3  GIVES 0  IN XU/MM
4 3  O = C S C / 1 0 0 0 ) / F R
C 7 R I T E  ALL CALCULATED VALUES ALONG 7 1 TH BINDER CONTENT! 7 3 )  FOR REF
4 4  7R I TE( 6* 4 5 )  7 3 *  3*SM* SA* STH> VM* VA*. VF* SR*.SC*'f R* 0
4 5  FORMAT( 1H > .F4 . I* F 7 .  1.* 3 F 6 - 3 * . 3 F 5 .  2* 2 F 6 .  3* 2 F 6 .  2 )
. 4 6  I F C J . U E . U )  GO TO 6
END ■ ' ; J ■
/DATA :
e x e c u t Yon- BEGINS 4 .  > s 1
? .
0 . 3 3  2 . 5 2  2 . 7 0  1 . 3 3  3 . 3 4 7  1 2 4 .  3 13 1 1 0 3 . 3  3 5 . 7 1  3 . 0  9 7 . 5  1 2 . 3
CONSTANT PARAMETERS IM ANALYSIS
RELATIVE DENSITY OF STONE = 3.-0
RELATIVE DENSITY OF SAND • = 2 . 6 2
RELATIVE DE-JSITY OF FILLER = 2 .  70 '
RELATIVE DENSITY OF BITUMEN = 1 . 3 3
F L 0 7  CONVERSION FACTOR .= 3 - 3 4 7
ST A B IL IT Y  CONVERSION FACTOR = 1 2 4 . 3
ANALYSIS OF MARSHALL TEST* TABULATIOM OF CALCULATED VALUES 
7 3  3, SM SA STH
?
1 - 3 9 0 . 5  3 c 3 . 5  12 .-3 -  4 7 . 3  7 . 7 7
1 2 . 3  5 2 2 . 3  2 . 3 3 9 -  1 . 3 3 3  2 . 2 1 7? •
1 3 3 3 .  1 S 6 9 . 3  1 2 . 3  4 3 . 6  7 . 7 5
1 2 . 3  5 1 3 . 3  2 . 3 9 7  1 . 3 4 6  2 . 2 1 7
1 3 9 1 . 3  5 7 2 . . 4  1 2 . 3  4 6 .  3 7 . 9 3
1 2 .  3 5 1 9 . 4  2 .  1-32 1 . 3  53  2 . 2 1 7
?
1 3 3 3 . 3  5 6 9 .  L 1 2 . S 4 5 . 3  3 . 0 9
1 2 . 3  5 1 9 . 7  2 . 3 9 S 1 . 3 4 4  2 . 2 1 7
?
1 3 3 7 .  6 5 6 9 . 3  1 2 . 3  4 3 . 2  7 . 4 5
1 2 . 3 -  5 1 3 . 3  2 . 3 9 3  1 . 3 4 7  2 . 2 1 7
VM VA VF SR SC
5 . 7 3  3 3 .  12  3 0 . 3  1 
5 . 4 1  2 9 . 3 4  3 1 . 3 3  
5 . 2 3  2 9 .  69 3 2 .  5 3  
5 .  5 1 29  . 9 2 3 1. 53 
5 . 3 6  2 9 . 3  1- 3 2 . 3 2
5 9 6 4 .  5 3 4 2 .  5 . 5 3
6 05  1 .  3 9 3  4 .  6 .  5 6
5 7 5 4 .  5 6 9 1 .  6 .  7 6
5 6 4 0 .  5 3 5 3 .  6 . 3  5
5 3 7 3 .  5 3 2 7 .  6 . 3 1
. 3 9  
. 9 1 
. 3 4  
.  3 1 
. 3 4
2.9  7
A.4 SPLIT : I n d i r e c t - T e n s i l e  Tes t  Resu l t s
Analyses of the  r e s u l t s  o b ta ined  in  the  In d i r e c t - T e n s i l e  T e s t .
C a lcu la te s  the  D ensity  and Void Content of each specimen, and
the  v a lu es  o f  In d i r e c t - T e n s i l e  S tren g th ,  V e r t i c a l  deform ation
a t  F a i lu re  and T en s ile  Q uo tien t,  f o r  each  specimen.
/ LOAD FORTG1
C PROGRAM TO AIALY3Z' RESULTS Or SPL IT TIN G  TESTS 
3 DEFINE ALL '/AHI ABLZS AS 3ZIHG HZAL
REAL 7 ,  7 7 ,  7 1 ,  7 2 ,  '13,  7 3 ,  S 1, S 2 ,  3 3 ,  3 3 ,  3 ,  ? ,  3 3 ,  FD, 3 ,  3.1, 3A , 3 7 7 ,  7:1, 7A, VP, 
1SR , V D , T S , 7 C ,  7 3 ,  CP, 7 S , 7 F , T M ,  5 F , 7 S F ,  X , Y , - I ,  C R ,R F ,H
i n t e g e r  -j , m
C THE P I H 3 7  HEAD I S  EXECUTED ONLY ONCZ 7 3  HEAD COMSTAJT PARAIETZRS
■C 7 0 7  HEAD CONSTANT PARAMETERS
C 31 = PEL AT IV E DEN S I  7'.' OP STONE 
C 3 2 =  RELATIVE DENSITY OP SAND 
C 33  = HELATIVE DEMSITY OP PILLZH  
C 33=RELATIVE DENSITY’ OP 3I7UMEN  
C PD=CONVERSION PACTOR POR DEPN 
C SD=CONVERSION PACTOR POR VERT LOAD 
C N =rJO OF DATA CARDS OR L IN ES OP DATA- 
C 7M=T0TAL NT OP MIX 
C 71=PERCZN7 3Y 7 7  STONE IN MIX
C X = PERCENT RE0 7 1  RED RETAINED ON 75* MIC SIE V E TO 3 1 VE 6 TO 1 .RATIO
C CR=PERCENT SAND RETAINED ON 7 5  MIC
C RP=PERCENT PIL L SR  RETAINED OM 7 5  MIC
2 READC9 , 3 )  S I ,  3 2 ,  S 3 ,  S 3 ,  FD, 3D,.M, 7 M ,X , - 7 1 ,  CR, RF
3 FORMAT! 4 F 5 . 0 , 2 F 6 . 0 ,  1 3 ,  F 7 . G , F 6 . 3 ,  3 F S . 3 )
C 7P.ITE AID LABEL CONSTANT PARAMETERS' J U S T  READ .
’J  =  1
4  7 R I T E C 6 ,-5 )  S I ,  S 2 ,  3 3 ,  S 3 ,  FD, SD
5 FORMAT! 1H 1 , 3  IHCONSTANT PARAMETERS IN A N A L Y S I S / /
. 1IH ,  33HRELATI VE DENSITY. OP STONE = F 4 .  2  / /
• 2 1 K ,  3 0H RELATIVE DEI SITY OF SAND = F 4 .  2 / /
3 IH ,  30HRELATI VE DENSITY OP FILLER = F 4 .  2 / /
41H ,  33HRZLATIVS DEI SI TY" OF 31 TUMEJ = F 4 - 2  / . /
51K , 33HDEFN CONVERSION PACTOR = P5* 3 / /
6 IH ' ,  33H VERT LOAD CONVERSION PACTOR = ? 5 .  I / / )
C 31  VE HEADING AND LA3SL TABLE OF CALCULATED VALUES 
2 0 3  T R IT E ! 6 ,  1 3 3 )  ■
1 3 3  FORMAT! IH ,  53HAMALYSI 3 OP SPLITTING TE ST, TA3ULATI OM OF CALCULATED 
LVALUES / /
' 21H ,  S9fi  7 3  ■ 3  SM; S A  STM . 71-  VA. VP TS \  TC
3 VD VS / n
C NEXT READ TILL 3E EXECUTED FOR EVERY DATA CARD AFTER T I E  FIRST
6 READC 9-, 7 )  7 ,  7 7 ,  H ,  7 3 ,  5 ,  P 
C THERE
C 7  = 7 T  OP SPEC IN  AIR -
C 7 V = 7T  OP SPEC IN 7ATER '
C X. = SPECIMEN HT
C 7 3 =  PERCENT 3Y TT OP BITUMEN IN MIX
C S = D IS T  ON. RECORDER REPRESENTING MAC LOAD
C P = 0 1  ST ON RECORDER REPRESENTING PLOT AT MAX LOAD
7 FORMAT! 3 F S .  3 ,  2 F 3 . 3 ,  F 6 . 0 )
•J=J+I
C MECT STATEMENTS CALC 7 2  AND 73 TO 01 7Z o TO 1 RATIO 
C 7 2 =  PERCENT BY TT SAND IN MIX
C T3=PSRCENT 3Y 7 7  FILLER IN MIX
7 3  IF C 71 .  EO. 3 . 3 )  GO TO ,72 
71  I P !  7 1 .  ME. 3 . 3 )  GO TO 7 4  
0 CALC PERCENT SAND + FILLER IN MIX ! S P )
7 2 S P = 1 3 3 - 7 3  
7 3  GO TO 7 5  
7 4 3 F = ! 1 3 3 - 7 1 ) - 7 3  
C CALC 7 7  SAND * FILLER IN MIX ( 7 S P )
7 5  75F=VM*C S F / 1 3 3 )
C CALC PERCENT SAND RECUI RED IN MSP (Y )
7 6 Y= C X -  RF) /  ! C R - RF)
C CALC PERCE 17  FILLER REGUI RED I T  7 S F  ! E )
2 9 8
C CALC 7T SAMD REQUIRED 1.7 MIX C 7 3 )
73 7 3 * 7 3 ? * ?
C CALC 7 7  “ I L L 27. PZG7IPZD 17  MIX C VF)
7 9  7F=7SF:<2  
C CALC 7 2 2 C Z 7 7  3 AMD 17  TOTAL MIX C 7 2 )
3 3 7 2 = C 7 S /7 M > * IC O  
C CALC PERCEMT FILLER 1:1 TOTAL MIX 1 7 0 )
3 1 7 3 = C 7 F / 7 H ) * 1 03  
"C 3 2 0 1 7  CALCULATI O'JS 
C 3 = VOLUME Or SPECIMEN 
•3 3 = 7 - 7 7
C 3 M= RZLATIV2 OEM3 1 TV Or SPECIMEM 
$ 5 M = 7 / 3
C 3A=COMPACTED AGOPECATE DZJSITY
13 3 A= SM*C C 1 0 3 - 7 3 ) / 1 0 3 )
3 3 3  I “ ( 7 1 .  EC. 3 . 3 )  0 0  TO AC3 
321 I FC V I .  ME. 3 . 3 )  0 3  TO 11
C STH=7HE0RZ?ICAL MAX RELATIVE DZJSITY  
4 3 3  STH= 1 3 3 / C  C 7 2 / S 2 )  +-C 73/S3)-*-C 7 3 / 3 3 )  ) .
4 3 1  3 0  TO 12
11 5TH= 13 0 /C  C 7 1 / 3  I ) +C 7 2 / S 2 ) + C  V 3 / S 3 ) + C  ' . 3 / 3 3 )  )
C VU=V0ID5 IM MIX
12 7 M = C C 3 T H -S M ) /S T H )* 1 3 0
C VA=VOIDS IM MIMERAL AGGREGATE 
10  VA=VH+X C V 3 * S M ) ' /S 3 )
C VF=VOIDS TILLED 7 IT:I 3 1 TUMZJ
14 VF=C CV3*SM )/C V A * S 3 ) ) * 1 0 3
C 03TAIM ACTUAL DSFM VALUE IM MM, C VD) , 3YMULTIPLYIMG THE D I3T  
C REPRZSEMTIUS DEEM OM THE RECORDER! “ ) 3Y COM VERS I OM FACTO PC FD)
15 VD= FD* F
C 03TAIM ACTUAL VEP.T LOAD VALUE IM MEVTOMSC SR) 3Y MULTIPLY1M3 0 1 OT 
C REPRESEMTIMO VEP.T LOAD OM P.ECOP.DEP.C 3 )  3Y COM VERSIOM FACTOR! SD)
16 SR=SD*S
C CALC TZ-JSILZ 3TREM0HT I T S )  IM XM/SQMM 
IT TS=C 2 * S R /  1 3 3 3 ) / (  3 .  1 4 2 *  1.31. 6*H)
C CALC TEMSILE COEFF UMDER DIAMETRAL COMPRESS!37  C T O  .
13 TC=SR/CH*VD) '
C CALC VERT 'DIAMETRAL 3 TP. AIM CVS)
19 VS= 7 0 /  1 3 1 . 6
C 7P.ITE ALL CALCULATED VALUES AL3M3 71.TH 3 1 MDER COMTEMTC 7 3 )  FOP PEF
4 4  7RITEC 5 ,  4 3 )  7 3 ,  3* S.M, SA, 5TH,- V L  VA, VF, T 3 ,  7C> VD, VS
4 5  F3PMATC IH ,  F 4 .  1 ,  F 7 . 1 ,  3-F6 .  3 ,  3 F 6 .  2 ,  2 F 6 .  1, F 6 .  2 ,  F S .  3)
4 6  IFC J .M E .M )  30 TO 6 
SMD
/  DATA
EXECUTI3 7  3 2 0 1 7 3  ' ~~5."'0S * ............
?
3 . 0 0  2 . 6 2  2 . 7 0  1 . 3 3  0 . 3 4 7  1 2 4 . 5  19 1 1 0 0 . 0  3 5 . 7  1 0 . 0  3 7 . 5  1 2 .  J
COMSTAMT PARAMETERS IM AMALYSIS 
RELATIVE DEM SI TY '* 0 F STOME = 0 . 0
RELATIVE DEMSITY OF SAMD = 2 . 6 2
RELATIVE DEMSITY OF FILLER = 2 . 7 3
RELATIVE DEMSITY OF 31 TUMZ-T = 1 . 3 3
D 2 F 7  COMVERSI OM FACTOR = 3 . 3  4 7
VERT LOAD COWERS I OM FACTOR = 1 2 4 . 5
AMALYSrS OF SPLITTIMG TEST, TA3ULATI OM OF CALCULATED VALUES
7 3  3 SM SA 5TH ^ VM VA VF T3 TC VD
7
1 33 1 . 2  5 4 9 . 7  6 7 . 3 3  
9 . 5  5 3 1 . 5  2 . 3 3 4  I
9 . 5
. 341.
5 5 . 3  
2 . 2 9  2
7 .  72  
11 . 26 3 0 .  32 6 2 . 5 3 3 .  653 1 5 . 3 6 6 . 54
i
1 3 3 4 . 5  5 5 1 . 9  6 7 . 3 3  
9 . 5  5 3 2 . 6  2 . 3 3 6  to
9 . 5
. 3 4 3
5 5 .  3 
2 - 2 9  2
6 . 2 3
1 1 . 1 7 2 9 . 3  5 6 2 .  73 •3. 5 44 19.  32 5 .  32
•
1- 3 9 3 . 3  5 6 3 .  5 65,. 75  
1 3 . 3  5 3 0 . 3  2 . 3 5 7  1 
•)
1 3 . 3
. 3 5 1
5 7 . 4  
2 .  2 77
7 . 7 6
9 . 6 6 2 9 .  63 6 7 . 4 3 3.  63 I 16.  54 6 . 57
:
1 3 3 3 . 7  5 5 7 . 5  6 6 . 7 3  
1 0 . 3  5 2 6 . 2  2 . 3 5 9  1
n
13.  3 
. 3  54
5 3 .  1 
2 . 2 7 7
6 . 9 6
. 9 . 5 5 2 9 .  54 6 7 .  53 0 .  579 13.  33 5 . 9  0
139- 3.3  5 7 1 . 3  6 5 . 5 3  
1 3 . 5  5 2 7 . 3  2 . 3 3 3  1
1 3 . 5  
. 3  64
5 9 .  1 
2 . 2 6 2
7 .  56  
7 . 9  1 29 .  1 4 7 2 . 3 7 3 .  734 I 7 .  54 6 . 4 3
;
1 3 9 2 . 3  5 6 4 . 3  6 6 . 0 3  
I 3 . 5  5 2 3 . 3  2 . 3 7 3  1
1 3 . 5  
. 3  52
6 3 . 3
2 . 2 6 2
7 .  61 
3 . 4 9 2 9 .  59 7 1 . 3 1 ' C. 713 1 7.  S3 6 . 4 5
2 9 9
B. DETAILED TEST METHODS
B .l  The M arshall T e s t :
B.1 .1  P re p a ra t io n  o f  C o n s t i tu e n t  M a te r i a l s ;
1. Keep agg rega te s  from d i f f e r e n t  sources sep a ra te  and dry  in  
an oven a t  150°C o v e rn ig h t .
2. Thoroughly blend each aggregate  by r i f f l in g  to  ensure  r e p r e s ­
e n ta t iv e  sampling.
3. Weigh ou t in to  s u i t a b le  c o n ta in e r s ,  the  re q u ire d  masses of
each aggregate  ( to  the  n e a r e s t  1 gram). P lace s u f f i c i e n t
in  each t i n  to  produce a s in g le  specimen of the  r e q u ire d  
s i z e .
4 . Label each c o n ta in e r  w ith  the  a p p ro p r ia te  specimen i d e n t i f ­
i c a t i o n  number.
5. Heat the  b in d e r  in  bu lk  u n t i l  s u f f i c i e n t l y  f l u i d  to  s t i r ,
decant in to  sm all t i n s ,  s u f f i c i e n t  in  each f o r  a s in g le
specimen, cover and a llow  to  c o o l .
B . l . 2 P re p a ra t io n  P r io r  to  M anufacture:
1. P lace aggregate  c o n ta in e r s ,  mixing bowls and whisk i n  an 
oven m ain ta ined  a t  165°C and leave o v e rn ig h t .
2. P lace t i n s  of b in d e r  in  an oven, s e t  tim ing  device  to  sw itch  
on oven, such th a t  the  b in d e r  w i l l  a t t a i n  a tem peratu re  of 
160°C j u s t  p r io r  to  m ixing.
3. Assemble and l i g h t l y  o i l  the  compaction moulds, e x te n s io n  
c o l l a r s  and b a s e p la te s .  Place along w ith  compactor fo o t
and fu n n e l ,  in  an oven m ain ta ined  a t  150°C and leave o v e rn ig h t .
4 . Prepare  non-absorben t paper d i s c s ,  s p a tu l a s ,  thermometer, 
w ater  bucket, e t c .
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B. 1 .3 Mixing:
1. Remove mixing bowl from oven, p lace  in  h o tp la te  and charge 
w ith  the  c o n ten ts  o f  a s in g le  aggregate  c o n ta in e r .
2. Mix aggregate  w ith  a s p a tu la  and form a c r a t e r  a t  the  c e n t r e .
3. T ran s fe r  bowl and c o n ten ts  to  ba lance  pan and t a r e  so t h a t  
the  p o in te r  j u s t  r e g i s t e r s  on the  s c a l e .
4 .  Remove a t i n  of b in d e r  from oven, remove l i d ,  s t i r  and pour 
the  re q u ire d  amount o f  b in d e r ,  to  the  n e a r e s t  0 .5  gram, in to  
the  mixing bowl.
5 . Mount bowl on m ixer, remove whisk from oven, p o s i t i o n  and 
commence m ixing.
6. A f te r  60 seconds, s top  m ixing, c le a n  and r e tu r n  whisk to  
oven, t r a n s f e r  bowl and c o n te n ts  to  h o tp l a t e ,  and give a 
f i n a l  mix using  a s p a tu la  to  ensure  a l l  m a te r i a l  i s  tho rough ly  
mixed in .
B .1 .4  Compaction:
1. Remove mould assembly from oven, p lace  on compaction p e d e s ta l  
and i n s e r t  a non-absorben t paper d i s c .
2. Remove fu n n e l from oven and i n s e r t  in  top of mould assem bly.
3. Tip the  c o n ten ts  of the  mixing bowl in to  the  mould assembly 
v ia  the  fu n n e l .  Clean bowl and fu n n e l  and r e t u r n  to  oven.
4 . Spade the m ixture  15 tim es around the p e r im e te r ,  10 tim es 
a t  the  c e n tre  to  form in to  a dome.
5 . Determine and reco rd  the  tem perature, o f the  mixed m a t e r i a l .
6. Place a second paper d is c  on top of the  mixed m a te r i a l  and 
lo c a te  mould assembly in  p o s i t io n  on compaction p e d e s t a l .
7. Remove compactor fo o t  from oven and lo c a te  on hammer s h a f t .  
Lower fo o t  onto the top of the  m a te r i a l  in  the  mould and
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apply 50 blows of  the  compaction hammer.
Remove e x te n s io n  c o l l a r ,  i n v e r t  mould on the b a se p la te  and 
rep la ce  e x te n s io n  c o l l a r .
N.B. Ensure any m a te r i a l  which has fo rced  i t s  way up between 
the compactor fo o t  and the  s ide  o f the  mould i s  removed, 
p r i o r  to  in v e r t in g  the  mould.
R elocate  the  mould assembly on the  compaction p e d e s ta l  and 
apply  a f u r t h e r  50 blows o f the  compaction hammer.
Dismantle mould assembly, c le a n  and r e tu r n  e x te n s io n  c o l l a r  
and b a se p la te  to  oven, and p lace  mould c o n ta in in g  specimen 
in  a bucket o f  w a ter  f o r  approxim ate ly  15 m inu tes .
N.B. For specimens w ith  h igh  b in d e r  c o n te n ts ,  the  b a se p la te  
should be l e f t  in  p o s i t io n  and p laced  in  the  w a te r  f o r  about 
30 m in u te s .
Extrude specimen from mould us ing  e x t r a c t i o n  frame and ja c k .  
Clean and r e tu r n  mould to  oven.
Dry specimen w ith  a c lo th ,  remove any b u rrs  and p lace  on 
absorben t paper on a f l a t  bench. Mark w ith  the  a p p ro p r ia te  
specimen i d e n t i f i c a t i o n  number.
Repeat mixing and compaction o p e ra t io n s  u n t i l  a l l  specimens 
have been made.
.5 D eterm ination  o f Specimen D ensity  - Voids;
Determine the mass of each specimen in  a i r ,  to  the  n e a r e s t
0 .1  gram.
Determine the mass of each specimen com ple te ly  immersed in
w ater  a t  20 *  1°C, to  the n e a r e s t  0 .1  gram.
N.B. These d e te rm in a tio n s  are  made p r io r  to  p re p a r in g  the  
specimens f o r  t e s t i n g ,  the va lu es  ob ta ined  are  recorded  and
the  c a l c u l a t i o n s  c a r r i e d  out a t  a l a t e r  tim e.
B . l . 6 D eterm ination  of S t a b i l i t y  and Flow:
1. T o ta l ly  immerse specimens in  a w a te rb a th  m ain ta ined  a t
+ o60 - 0 .5  C, f o r  45 m inutes p r io r  to  t e s t i n g .
2. W hils t specimens a t t a i n  t e s t  tem p era tu re ,  s e t  up and c a l i b r a t e  
the  reco rd in g  equipment:
( i )  Wire up equipment as in  f ig u r e  B . l . 1, and
connect mains power supp ly .
( i i )  Switch on Load C e l l  Power Supply (L .C .P .S . ) ,
Chart Recorder and D ig i t a l  V oltm eter (D.V.M.)
Set the  l a t t e r  to  read  V d .c .
( i i i )  Switch L .C .P .S . to  "SET11 p o s i t io n ,  a d ju s t  
"SET 30 mv" knob u n t i l  "30.00" r e g i s t e r s  
on D.V.M.
( iv )  Switch L .C .P .S . to  "LOAD" p o s i t io n ,  and
"ATTENUATOR" on Chart Recorder to  20 mv 
p o s i t io n .
( v) Adjust "ZERO" knob on L .C .P .S . so t h a t  pen
on re c o rd e r  moves ac ro ss  the  c h a r t  away from 
zero l i n e .  Continue u n t i l  a read ing  of 
"24.00" i s  o b ta ined  on the  D.V.M.
( v i )  Use "VERNIER" adjustm ent on Chart Recorder
to  c e n tre  pen on the  10 inch  l in e  of the  
c h a r t .
( v i i )  A djust "ZERO" knob on L .C .P .S . so t h a t  pen 
moves ac ro ss  the c h a r t  towards the  zero  
l in e  o f  the  c h a r t ,  u n t i l  a read in g  o f "0 .00"  
i s  ob ta ined  on the D.V.M.
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to  c e n t r e  pen on z e r o - l in e  of c h a r t .
( ix )  Repeat o p e ra t io n s  (v ) ,  ( v i ) ,  ( v i i )  and ( v i i i )
u n t i l  no f u r t h e r  ad justm ent i s  r e q u i re d ,  i . e .
the pen i s  c en tred  on the zero  l in e  and 10 
inch  l in e  o f  the c h a r t  when D.V.M. read ings  
are  "0 .00"  and "24.00" mv r e s p e c t iv e ly .
( x) The system i s  now c a l i b r a t e d  f o r  a F u l l
Scale D e f le c t io n  ( f . s . d . )  = 50 kN.
For a f . s . d .  = 25 kN, s e t  "ATTUATOR" on
Chart re c o rd e r  to  10 mv p o s i t i o n .
For a f . s . d .  = 12.5 kN, s e t  "ATTUATOR" on
Chart re c o rd e r  to  5 mv p o s i t io n .
( x i )  Set c h a r t  speed a t  60 cm/min.
Remove t e s t  head from oven, where i t  had p re v io u s ly  been 
p laced  to  a t t a i n  a tem perature  of 60 *  0.5°C. Clean and 
l i g h t l y  o i l  guide ro d s .
Remove specimen from w a te rb a th ,  p lace  c e n t r a l l y  on i t s  s ide  
in  the  jaws of the  t e s t  head.
N.B. T est h igh  b in d e r  c o n ten t  specimens f i r s t .
Locate t e s t  head c e n t r a l l y  on p l a t e r n  of t e s t i n g  machine, 
p lace  b a l l  h ea r in g  on top of t e s t  head and s e t  up so th e re  
i s  a gap of approxim ately  4 mm between the b a l l  b ea r in g  and 
load c e l l  assembly.
Switch on c h a r t ,  lower pen and check ze ro ,  then  sw itch  on 
t e s t i n g  machine.
Switch o f f  t e s t i n g  machine and c h a r t  when specimen has " f a i l e d "  
Mark c h a r t  w ith  approximate specimen i d e n t i f i c a t i o n  number. 
Unload specimen, remove from t e s t  head . Clean t e s t  head 
ready f o r  nex t specimen.
9. Repeat, 4, 5, 6, 7, and 8 u n t i l  a l l  specimens have been t e s t e d ,  
the  time taken  per specimen should no t exceed 40 s e c s .
B.1 .7  Flow Chart f o r  the  M arshall T e s t :
To a s s i s t  in  the  development of a " d u p l ic a te 1* M arshall  T es t in g  
F a c i l i t y  a t  E.R.C.A., a Flow C hart,  i n d ic a t in g  the  sequence of 
o p e ra t io n s  was produced and i s  p re sen ted  in  f ig u re  B . l . 2.
This r e l a t e s  to  the  d e te rm in a t io n  of a T arget Binder Content f o r
H.R.A. wearing course  m ix tu re s ,  accord ing  to  s e c t io n  3, B„S. 594 
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B.2 The I n d i r e c t - T e n s i l e  Test
B .2 .1  P re p a ra t io n  o f  C o n s t i tu e n t  M a te r ia ls  
B .2 .2 P re p a ra t io n  p r io r  to  Manufacture 
B .2 .3 Mixing 
B .2 .4 Compaction
Specimens 101.6 mm d ia  x  63.5 mm (app rox ) , compacted us ing  the  
autom atic  M arshall compactor (50 blows per fa c e )  a re  to  be used . 
Hence the  above o p e ra t io n s  a re  to  be c a r r i e d  out in  a menner id e n ­
t i c a l  to  t h a t  d e sc r ib ed  f o r  M arshall  t e s t  specimens, in  s e c t io n s  
B .1 .1 ,  1 .2 ,  1.3 and 1.4 r e s p e c t iv e ly .
B .2 .5 D eterm ination  o f Specimen H e ig h t:
The average h e ig h t  (H) o f  each compacted specimen s h a l l  be d e t e r ­
mined as fo l lo w s , us ing  the  appara tu s  d e sc r ib ed  in  5 .3 .4 .
1. P lace the  d i a l  gauge assembly and b a se p la te  on a f l a t ,  
l e v e l  s u r fa c e .
2. P lace the  s t e e l  c a l i b r a t i o n  b lock  on the b a se p la te  benea th  
the  fo o t  of the  d ia l - g a u g e .
3 . Lower the  d ia l-g au g e  u n t i l  a read in g  of approx im ate ly  
1000 d ivs  i s  o b ta ined  and f i rm ly  clamp i t  in  p o s i t i o n .
4 . I f  n e ce ssa ry ,  a d ju s t  the  p o s i t io n  o f  the  d ia l-g a u g e  so 
t h a t  the  read ing  remains c o n s ta n t  as the  s t e e l  b lock  i s  moved 
about beneath  the  fo o t  a t tachm en t.  Record t h i s  i n i t i a l  
gauge re ad in g .
5. Place each specimen in  tu r n  on the b a s e p la te ,  benea th  
the  fo o t  of the  d ia l - g a u g e . Record the  gauge read in g  a t  
5 p o s i t io n s  on the  su rface  o f  each specimen.
6. For each specimen, c a lc u la te  the  h e ig h t  a t  each of the  
5 p o s i t io n s  and hence determ ine the  average h e ig h t  (H) to
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the  n e a r e s t  0.1  mm.
B . 2 . 6 Dete rminat ion  o f  Specimen D ensi ty -V oids :
Carry ou t as d e sc r ib ed  f o r  the  M arshall t e s t  in  B .1 .5 .
B .2 .7 D eterm ination  of In d i r e c t - T e n s i l e  S t r e n g th :
1. P lace specimens in  a t h e r m o s ta t i c a l ly  c o n t r o l le d  w a te r -  
b a th  m ain ta ined  a t  25°C f o r  a t  l e a s t  45 m inu tes .
2. W hils t specimens a t t a i n  t e s t  tem p era tu re ,  modify the  Mar­
s h a l l  t e s t i n g  machine to  f a c i l i t a t e  the  d e te rm in a t io n  of I n d i r e c t -  
T en s i le  s t r e n g th .
3. Set up and c a l i b r a t e  re c o rd in g  equipment e x a c t ly  as f o r  
the  M arshall t e s t ,  see f ig u r e  B .1 .1  and s e c t io n  B .1 .6 .
4 . Remove each specimen in  tu r n  from the  w a te rb a th  and lo c a te  
c e n t r a l l y  between the  load ing  s t r i p s  as fo l lo w s :
( i )  p o s i t io n  specimen c e n t r a l l y  w ith  r e s p e c t  to  
the  s c a le  on the lower load ing  s t r i p  and s e t  up so 
t h a t  th e re  i s  a gap of approx im ate ly  4 mm between 
the  top o f  the  specimen and the  upper load ing  s t r i p .
( i i )  i n s e r t  c e n te r in g  p la t e  behind the  specimen, 
and apply backward p re s su re  to  specimen (by hand) 
so t h a t  i t  pushes the  p la t e  in to  c o n ta c t  w ith  the  
a p p ro p r ia te  back s to p s .
5. Mark c h a r t  w ith  the  a p p ro p r ia te  specimen i d e n t i f i c a t i o n  
number. Check zero on c h a r t  and sw itch  on, th en  sw itch  
on t e s t i n g  machine.
6. M ain tain  specimen in  c o n ta c t  w ith  the  c e n te r in g  p la t e  
u n t i l  fo rce  i s  being taken  by the  specimen, then  im m ediately 
remove the p la te  and a llow  the t e s t  to  con tinue  u n t i l  the 
specimen f a i l s .
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7. Switch o f f  t e s t i n g  machine and c h a r t ,  unload specimen 
and d i s c a r d .  Repeat u n t i l  a l l  specimens have been t e s t e d .
B.3 THE WHEEL-TRACKING TEST
B .3 .1  P re p a ra t io n  of C o n s t i tu e n t  M ate r ia ls
Prepare  agg rega tes  and b in d e r  as de sc r ib ed  f o r  the  M arsha ll t e s t  
( B .1 .1 ) ,  excep t t h a t  the  aggregate  f o r  each specimen should be 
p ro p o r t io n ed  in  two i d e n t i c a l  h a lv es  and then  p laced  on 2 shallow  
t r a y s .
B .3 .2 P re p a ra t io n  P r io r  to  Mixing;
1. Heat the  aggregate  and b in d e r  to  the  same tem pera tu res  and 
in  the  same manner as d e sc r ib ed  f o r  the  M arshall t e s t  (B .1 .2 ) .
2. Place mixing bowl and whisk in  the  same oven as the  agg rega te  
and leave o v e rn ig h t .
N.B. The compaction mould and mould e x te n s io n  are  n o t hea ted  
p r io r  to  compaction.
3. Set-up the  Tracking machine f o r  the  compaction o p e ra t io n :
( i )  Locate r o l l e r  segment, mould, mould e x ten s io n
and load hanger.
( i i )  Set p o s i t io n  of knock-o ffs  on t a b l e ,  such th a t  
the  d is ta n c e  of t r a v e l  of the  mould i s  305 mm.
( i i i )  Set c o n t ro l  va lves  on h y d ra u l ic  power pack such 
th a t  the  speed of t r a v e l  o f  the  mould i s  25 passes  
per m in u te .
B .3 .3 M ixing:
1. Remove mixing bowl from oven and charge w ith  one t r a y  of ag g re ­
g a te ,  mix w ith  a. sp a tu la  and form a c r a t e r  a t  the  c e n t r e .
2. Add the re q u ire d  mass of b in d e r  and mix in  the manner d e s c r i ­
bed f o r  the  M arshall t e s t  (B .1 .3 ) .
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3. P lace mixed m a te r ia l  on a t r a y  and r e tu r n  to  the  aggregate  
oven.
4 . Repeat mixing o p e ra t io n  f o r  the  second h a l f  o f  the  specimen.
B .3 .4 Compaction:
1. P lace 4 x 72.5 kg (4 x 40 lb )  masses on the  hanger arrangem ent, 
tu rn  on h y d ra u l ic  power pack and s e t  au tom atic  c o u n te r  f o r  30 
p a s s e s .
2. Coat in s id e  of mould w ith  a m ixture  o f  lim estone dus t and 
w a te r .
3. T ran s fe r  mixed m a te r i a l  (2 h a lv e s )  to  the  mould, spade w ith  
a s p a tu la  to  form a l e v e l  s u r fa c e .
4 . Wet r o l l e r  segment w ith  w a te r ,  p o s i t io n  mould benea th  i t  and 
lower segment in to  mould u n t i l  the  f u l l  load has been t r a n s f e r r e d .
5. Set machine in  m otion. Upon com pletion of the  o p e ra t io n ,  
leave specimen in  mould f o r  approx im ate ly  1.5 h ou rs .
6. Dismantle mould assembly, remove specimen and p lace  i t  in
*a wooden box and s to re  u n t i l  t e s t i n g .  Mark specimen w ith  the  
a p p ro p r ia te  specimen i d e n t i f i c a t i o n  number.
7. Reassemble mould and re p e a t  o p e ra t io n  w ith  nex t specimen.
B .3 .5 D eterm ination  o f Specimen D ensity -V o ids :
1. Remove each specimen in  tu rn  from i t s  box and determ ine the  
mass of each to  the  n e a r e s t  1 gram.
2. Convert ba lan ce ,  by f i t t i n g  m eta l  s l in g  arrangement and reweigh
-f* oeach specimen com plete ly  immersed in  w ater a t  20 - 1 C, to  the  
n e a r e s t  1 gram, dry specimens and r e tu r n  to  boxes.
3. C a lc u la t io n s  are  then  c a r r ie d  out as f o r  the  M arsha ll  t e s t  
( B .1 .5 ) .
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B . 3 . 6 Wheel-Tracking T e s t :
1. Set up Tracking machine ready f o r  t e s t i n g :
( i )  Remove mould e x te n s io n  and load hanger, re p la ce  
r o l l e r  segment w ith  the  wheel arrangem ent, lo c a te  datum 
bar f o r  t ra n s d u c e r  and lo c a te  s t e e l  b lock  to  apply  the  
r e q u ire d  c o n ta c t  p re s s u re .
( i i )  Set p o s i t io n  o f  knock-offs  on t a b l e ,  such th a t  
the  d is ta n c e  o f  t r a v e l  o f  the  mould i s  250 mm.
( i i i )  Set c o n t ro l  va lv es  on h y d ra u l ic  power pack such 
th a t  the  speed of t r a v e l  of the  mould i s  42 passes  pe r  
m in u te .
2. P o s i t io n  one specimen in  the  mould and s tac k  the  rem ainder, 
in  t h e i r  boxes on the  s t e e l  rack  in s id e  the  tem pera ture  c a b in e t .
3. Set tem perature  c o n t r o l  th e rm o s ta t  (45°C), sw itch  on fa n  h e a te r  
and e l e c t r i c  pump, and leave o v e rn ig h t .
4 . P r io r  to  t e s t ,  w ire up reco rd in g  equipment as shown in  f ig u r e
B .3 .1  and c a l i b r a t e  as fo l lo w s :
( i )  Switch on Transducer power supply and c h a r t  
r e c o rd e r  (mains, c h a r t  and pen ) .
( i i )  Switch ATTENUATOR knob on c h a r t  re c o rd e r  to
0 .2  v o l t  p o s i t io n  and s e t  c h a r t  speed a t  60 cm/hr.
( i i i )  Turn on h y d ra u l ic  power pack and lower w heel/  
t ra n sd u c e r  onto specimen, and lo c a te  i t  so the  t r a n s ­
ducer i s  d i r e c t l y  over the  top of the  i n c l i n e .
( iv )  P lace c a l i b r a t i o n  b lock  benea th  t ra n sd u c e r  and 
use VERNIER knob to  c e n tre  pen of re c o rd e r  on the  10 
inch  l in e  on the  c h a r t .
( v) Remove c a l i b r a t i o n  b lock  and use ZERO knob on 
c h a r t  re c o rd e r  to  c e n tre  pen on zero l in e  of the  c h a r t .
( v i )  Repeat ( iv )  and (v) u n t i l  no f u r t h e r  ad justm ent
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i s  r e q u i r e d .
i . e .  Pen i s  on the zero l in e  of c h a r t  w ith  the  b lock  removed
and a t  the  f u l l  s ca le  d e f l e c t i o n  (10 in )  of the  c h a r t
w ith  the  b lock  in  p o s i t io n .
The reco rd in g  equipment i s  now c a l i b r a t e d  f o r  a f u l l - s c a l e  d e f l e c ­
t i o n  of 25 mm.
4. Mark c h a r t  w ith  the  a p p ro p r ia te  specimen i d e n t i f i c a t i o n  number, 
s e t  au tom atic  co u n te r  f o r  2000 passes  and commence t e s t .
5. Upon com pletion o f  t e s t ,  remove specimen and re p la c e  i t  w ith  
the  nex t to  be t e s t e d .
6. Allow 15 mins f o r  the  tem perature  to  s t a b i l i s e ,  check c a l i b ­
r a t i o n  o f  t r a n s d u c e r  and re p e a t  t e s t .
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C. DATA RECORDING SHEETS
C .1 In t ro d u c t io n
Throughout the  ex p er im en ta l  work, num erical d a ta  was recorded  
on d a ta  sh ee ts  of the  type p re sen ted  in  the  fo l low ing  s e c t io n s .
These enabled  a l l  the  r e le v a n t  in fo rm atio n  reg a rd in g  the  com position  
and p r o p e r t i e s  of the  specimens t e s t e d  to  be s to re d  away and l a t e r ,  
qu ick ly  r e t r i e v e d  when f u r t h e r  a n a ly s is  was r e q u i re d .
C.2 Specimen Composition
COMPOSITION OF TEST SPECIMENS For t e s t in g  by:
STONE TYPE: . RELATIVE NOMINAL MAXIMUMSOURCE: DENSITY SIZE (mm)
BINDER TYPE: RELATIVE PENETRATION SOFTENINGSOURCE: DENSITY AT 25°C POINT (°C)
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C.5 I n d i r e c t - T e n s i l e  Test  R esu l t s
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G.6 Wheel-Tracking Test  R esu l t s
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D .l  MARSHALL TEST RESULTS:
D.1.1 I n t r o d u c t io n :
R esu l ts  ob ta ined  using  the  M arshall Test Method, as d esc r ib ed  
in  Chapter 5 are  p resen ted  in  the fo llow ing  S e c t io n s .  Unless 
o therw ise  s ta t e d  the  r e s u l t s  were ob ta ined  using  the  M arshall 
ap p ara tu s  w ith  load c e l l .
Tables c o n ta in in g  r e s u l t s  fo r  a l l  m ix tu res  t e s t e d  are  in c lu d ed . 
The f ig u r e s  g iven  in  th e se  t a b le s  are  mean va lues  f o r  d u p l ic a te  
specimens of each m ix tu re ,  u n le ss  o therw ise  s t a t e d .  In  each 
case the  m ixture i s  i d e n t i f i e d  by the  MIX CODE (see  4 . 6 . 3 ) .
Where the  mean f o r  d u p l ic a te  specimens i s  g iven , the  in d iv id u a l  
specimen numbers have been omitted.. However, where r e s u l t s  
f o r  in d iv id u a l  specimens a re  r e p o r te d ,  the  f u l l  specimen id en ­
t i f i c a t i o n  has been inc luded  under SPECIMEN I .D .
The symbols a t  the  head of each column (Sj^, S^, e t c . )  r e f e r  to  
the  m ixture p r o p e r t i e s  de term ined , and are  de fined  f u l l y  under 
NOTATION and in  Chapter 6.
For s e le c te d  stone co n ten ts  the  ta b u la te d  r e s u l t s  have a lso  been 
p resen ted  g r a p h ic a l ly  to  in d ic a te  how the v a r io u s  p r o p e r t i e s  
vary  w ith  r e s p e c t  to  b in d e r  co n ten t  (w ^). Each p o in t  on the  
graphs r e p re s e n ts  the mean value fo r  d u p l ic a te  specimens a t  t h a t  
b in d e r  c o n te n t .
328
D. 1.2 . Tables of R esu l t s  - Sand A (Load Ring) :
Table D.1 .2 .1 :  Sand A - 0%. Stone (Load Ring)
MIX
CODE SM SA S F
0A9. 5M 2.044 1.850 2.91 3.7
OAlO.OM 2.053 1.848 2.95 4 .1
OA10.5M 2.053 1.838 3.21 3.9
OAll.OM 2.090 1.860 3.66 5 .1
OA11.5M 2.098 1.857 4.96 5.5
OA12.0M 2.103 1.851 4.92 6.5
0A12. 5M 2.103 1.840 5.22 7.5
0A13. OM 2.088 1.817 4.69 7.7
OA13.5M 2.064 1.786 3.97 8.9
0A14. OM 2.040 1.754 . 3.25 10.8
0A14.5M 2.011 1.720 2.43 11.3
OA15.0M 1.967 1.672 2.15 10.9
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Table D . l . 2 . 2 .  : Sand A - 307o Stone (Load Ring)
MIX
CODE SM SA S F
30A6.0M 2.184 2.053 5.62 3.9
30A6.5M 2.213 2.069 5.80 3.7
30A7.0M 2.224 2.069 5.78 3.9
30A7.5M 2.222 2.055 5.20 4 .4
30A8.0M 2.244 2.064 5.50 4 .2
30A8.5M 2.250 2.059 5.55 5.3
30A9.0M 2.246 2.043 6.40 6.2
30A9.5M 2.236 2.024 5.79 6.9
30A10.0M 2.220 1.999 4.83 6.7
30A10.5M 2.190 1.961 4.02 7.7
30A11.0M 2.185 1.944 3.38 10.2
30A11.5M 2.157 1.909 2.96 11.6
Table D . l . 2 .3 .  : Sand A - 407o Stone (Load Ring)
40A5.5M 2.240 2.117 7.75 3.9
40A6.5M 2.273 2.126 7.57 4 .2
40A7. 0M 2.284 2.125 8.07 4 .1
40A7.5M 2.291 2.119 8.27 5 .0
40A8.0M 2.294 2.110 7.82 6.8
40A9. 0M 2.256 2.053 5.53 8 .6
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Table D . l . 2 . 4 .  : Sand A - 0%, Stone (S ing le  Binder Content - Load Ring)
SPECIMEN
I.D . M SA VM VA v F S F Q
0A12. 0M1 2.102 1.850 5.2 29.7 82.6 5.02 6.9 0.72
0A12. 0M2 2.099 1.847 5.3 29.8 82.1 4.71 6.9 0.68
OA12.0M3 2.101 1.849 5.3 29.7 82.3 4.65 7.3 0.64
0A12. 0M4 2.104 1.851 5.1 29.6 82.7 4.70 6.8 0.69
0A12.0M5 2.092 1.841 5.7 30.0 81.1 4.67 7 .2 0.65
OA12.0M6 2.092 1.841 5.6 30.0 81.2 4.68 7 .6 0.62
0A12. 0M7 2.098 1.846 5.4 29.8 81.9 4.68 8 .1 0.58
0A12. 0M8 2.096 1.844 5.5 29.9 81.7 4.92 7.2 0 .68
OA12.0M9 2.102 1.850 5.2 29.7 82.5 5.07 8 .4 0.60
OA12.0M10 2.095 1.844 5.5 29.9 81.6 4.74 7.3 0.65
OA12.0M11 2.096 1.845 5.5 29.9 81.7 4.91 7.3 0.68
0A12. 0M12 2.098 1.846 5 .4 29.8 82.0 4.86 7.9 0.62
MEAN 2.098 1.846 5.4 29.8 82.0 4.80 7 .4 0.65
STANDARD
DEVIATION 0.004 0.003 0.2 0 .1 0.5 0.15 0.5 0.04
COEFFICIENT 
OF VARIATION 0.2 0 .2  j 3.7 .0.3 0 .6 3.1 6 .8 6.2
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Table D . l . 2 . 5 .  ; Sand A - 307o Stone (S ing le  Binder Content - Load Ring)
SPECIMEN
I.D . SM SA VM VA VF S F Q
30A8. OMl 2.244 2.065 5.3 22.7 76.7 6.01 3.8 1.59
30A8.0M2 2.246 2.066 5.2 22.7 77.0 6.31 3.7 1.71
30A8.0M3 2.244 2.065 5.3 22.7 76.7 5.68 4 .0 1.41
30A8.0M4 2.254 2.074 4.9 22.4 78.3 6.64 4 .2 1.58
30A8.0M5 2.243 2.064 5.3 22.8 76.6 6.18 4 .1 1.52
30A8. 0M6 2.244 2.065 5.3 22.7 76.7 5.76 4 .2 1.37
30A8.0M7 2.244 2.064 5.3 22.7 76.7 6.17 4 .0 1.54
30A8.0M8 2.243 2.064 5.3 22.8 76.6 6 .45 ' 4 .6 1.39
30A8.0M9 2.242 2.062 5.4 22.8 76.4 5.75 4 .6 1.25
30A8.0M10 2.234 2.055 5.7 23.1 75.2 6.15 3.7 1.65
30A8.0M11 2.230 2.052 5.9 23.2 74.6 NO DATA
30A8.0M12 2.238 2.059 5.6 22.9 75.8 i6.56 4 .1 1.62
MEAN 2.242 2.063 5.4 22.8 76.4 6.15 4 .1 1 .5 1 "
STANDARD
DEVIATION 0.006 0.006 0.3 0.2 0.9 0.33 0.3 0.14
COEFFICIENT 
OF VARIATION 0.3 0.3 5 .6 0.9 1.2 5 .4 7.3 9 .3
3 3 2
D.1 .3 .  Tables of R esu Its  - Sand A:









OA9.5M 12.037I 11.844I 11.1 29.9 62.8 3.34 5.6 0.60
0A10. OM [2.069i j1.862t 9.1 29.2 68.7 3.70 6.2 0.60
0A10. 5M 2.068 1.851 8.6 29.6 71.2I 3.87 7.6 0.52
OAll.OM 2.085 1.855 . 7.2 29.5 75.5 4.07 6.5 0.63
OA11.5M 2.104 1.862 5.7 29.2 ; 80 .4 5.21 6.7 0.77
OA12. OM 2.105 1.853 5.1 29.6 [82.9i 5.01 7.4 0.67
OA12.5M 2.104 1.841 4 .5 30.0 j  85.0i 4.38 9.3 0.48
OA13. OM 2.096 1.823 4.3 30.7 | 86.2 4.19 11.1 0.38
OA13.5M 2.089 1.800 4 .3 31.6 86.3 3.48 12.3 0.29
OA14.0M 2.060 1.772 4.7 32.7 85.7 3.07 14.0 0.22
0A14. 5M 2.027 . 1.753 5.6 34.1 83.6 2.24 13.3 0.17
OA15. OM 2.030 1.726 4.9 34.4 85.9 2.10 14.9 0.14
3 3 3
Table D.1 .3 .2 .  : Sand A - 0 %  Stone ( S e r i e s  No. 2)
MIX
CODE SM sA VM VA VF S F Q
0A9. 5M 2.047 1.852 10.7 29.6 63.8 4.81 5.6 0.86
OAIO. OM 2.058 1.852 9.6 29.6 67.6 4.64 4.9 0.95
OA10.5M 2.085 1.866 7.8 29.1 73.1 5.17 5.2 1.01
OAll.OM 2.094 1.863 6.8 29.2 76.6 5.64 5.3 1.06
OA11.5M 2.095 1.854 6.2 29.5 79.2 5.23 5 .8 0.90
OA12. OM 2.104 1.852 5 .1 29.6 82.7 5.64 6.4 0.88
OA12.5M 2.106 1.843 4 .4 30.0 85.3 5.86 6.9 0.85
OA13.0M 2.089 1.813 4.8 31.1 84.6 5.16 7.9 0.65
OA13.5M 2.069 1.790 4.9 32.0 84.8 4.21 8.8 0.48
0A14.0M 2.061 1.772 4 .6 32.7 85.8 3.51 9.3 0.38
0A14. 5M 2.033 1.738 5.3 33.9 84.4 3.01 10.3 0.29
3 3 4
Table D . l . 3 . 3 .  : Sand A - 57o Stone
MIX
CODE SM SA VM VA VF S F Q
5 A9. OM 2.091 1.903 9.5 27.8 65.8 3.93 4 .7 0.84
5A10. OM 2.118 1.906 7.1 27.7 74.3 4.45 4 .7 0.95
5A10.5M 2.123 1.900 6.6 27.7 76.2 5.12 5.0 1.02
5A11.0M 2.127 1.893 5 .4 28.2 80.7 5.04 6.3 0.80
5A11.5M 2.125 1.881 4 .9 28.7 82.8 4.97 7.1 0.71
5A12. OM 2.118 1.864' 4 .6 29.3 84.2 5.04 7.7 0.66
5A13. OM 2.083 1.812 5 .0 31.2 84.2 3.48 8.8 0.40
Table D . l . 3 .4 .  : Sand A - 10% Stone
10A8.5M 2.117 1.938 9 .1 26.6 65.8 5.63 6.4 0.87
10A9.5M 2.142 1.939 6.8 26.5 74.5 5.48 5 .4 1.02
10A10.0M 2.154 1.939 5.6 26.5 78.8 5.63 5.9 0.97
10A10.5M 2.156 1.930 4.9 26.9 81.7 6.11 5.8 1.05
10A11.0M 2.159 1.921 4 .2 27.2 84.7 6.39 6.5 0.99
10A11.5M 2.143 1.896 4 .2 28.2 84.9 5.77 7.6 0.77
10A12.5M 2.111 1.847 4 .4 30.0 85.3 4 .24 8 .4 0.51
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Table D . l . 3 . 5 .  : Sand A - 2 0 %  Stone
MIX
CODE SM SA VM VA VF S F Q
20A7.0M 2.144 1.994 10.1 24.7 59.0 5.41 4 .0 1.56
20A8.0M 2.177 2.003 7.4 24.4 69.4 5.94 4 .0 1.52
20A8.5M 2.186 2.001 .6 .4 24.5 73.7 6.77 3.9 1.75
20A9.0M 2.194 1.996 5.4 24.6 77.9 6.60 4 .4 1.52
20A9.5M 2.197 1.980 5 .1 25.3 80.0 5.91 5 .0 1.18
20A10.0M 2.190 1.971 4 .3 25.6 83.1 5.03 5.5 0.92
|20A11.0M 2.160 1.922 4 .4 27.4 83.1 3.85 7.8 0.49 .
Table D . l . 3 . 6 .  Sand A - 30?o Stone
( S e r ie s  No. 1)
30A5.5M 2.189 2.068 10.4 22.1 52.8 8 .80 4 .0 2.23
30A6.0M 2.201 2.069 9.3 22.1 58.0 7.35 4 .1 1.78
30A6.5M 2.211 2.068 8 .2 22.2 63.0 7.99 4 .3 1.85
30A7.0M 2.235 2.078 6.6 21.8 69.8 7.92 3.8 2.08
30A7.5M 2.249 2.080 5.3 21.7 75.5 8.51 4 .0 2.15
30A8.0M 2.253 2.073 4.5 22.0 79.6 8.13 5.5 1.50
30A8.5M 2.248 2.057 4 .0 22.6 82.2 7.09 5.6 1.27
30A9.0M 2.246 2.044 3.5 23.1 85.0 6.96 5.8 1.23
30A9.5M 2.214 2.004 4.2 24.6 83.1 4.71 7.5 0.63
30A10. OM 2.213 1.992 3.5 25.0 85.9 4.38 7 .1 0.62
30A10.5M 2.174 1.945 4.6 26.8 82.8 3.21 8 .0 0.41
30A11.0M 2.154 1.918 4.8 27.8 82.7 2.41 8.6 0.29
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Table D . l . 3 .7 .  : Sand A - 307o Stone
(S e r ie s  No. 2)
MIX
CODE SM SA VM VA VF S F Q
30A6. OM 2.189 2.058 10.2 23.0 55.5 6.78 3.4 1.99
30A6.5M 2.205 2.062 -8.9 22.8 61.0 5.05 3.6 1.42
30A7. OM 2.237 2.081 6.9 22.1 68.8 5.87 3.1 1.88
30A7.5M 2.250 2.081 5.7 22.1 74.1 7.10 3.2 2.27
30A8. OM 2.254 2.073 4 .9 22.4 78.1 6.75 3.9 1.73
30A8.5M 2.252 2.061 4 .3 22.9 81.2 5.88 5 .4 1.15
30A9. OM 2.248 2.046 3.8 23.5 83.7 5.37 5.7 0.94
30A9.5M 2.229 2.018 3.9 24.5 83.9 4.65 6.0 0.79
30A10.0M 2.226 2.003 3.4 25.0 86.3 5.07 6.5 0.79
30A10.5M 2.203 1.972 3.8 26.2 85.7 3.69 7.9 0.48
30A11.0M 2.184 1.944 4 .0 27.3 85.5 3.15 7.8 0.41
30A11.5M 2.157 1.909 4.5 28.6 84.3 2.61 10.8 0.24
Table D . l . 3 . 8 .  : Sand A -  407o Stone
40A5.5M 2.256 2.131 7.9 20.0 60.3 9.63 3.5 2.77
40A6.5M 2.295 2.145 5.0 19.5 74.4 9.39 4 .4 2.13
40A7.0M 2.298 2.138 4.2 19.8 79.0 9.30 4 .6 2.06
40A7.5M 2.299 2.127 3.5 20.2 82.9 8.06 5 .1 1.57
40A8.0M 2.294 2.110 3.0 20.8 85.6 6.76 6.3 1.08
40A8.5M 2.270 2.077 3.3 22.1 85.0 5.65 6.6 0.86
40A9.5M 2.245 2.032 3.1 23.8 87.0 3.90 8 .4 0.48
3 3 7
Table D . l . 3 .9 .  : Sand A - 557o Stone
(S e r ie s  No. 1)
MIX
CODE SM SA VM VA VF S F Q
55A3.5M 2.279 2.199 10.1 17.8 44.1 7.52 3.4 2.24
55A4.5M 2.285 2.182 8.5 18.4 54.0 7.85 4 .2 1.88
55A5.0M 2.308 2.193 6.9 18.1 62.1 8.25 3.2 2.59
55A5.5M 2.314 2.186 6.0 18.3 67.4 9.22 4 .0 2.29
55A6.0M 2.333 2.193 4.5 18.1 75.2 9.42 4 .4 2.16
55A6.5M 2.347 2.195 3.2 18.0 82.2 9.95 4 .9 2.03
55A7.5M 2.336 2.161 2.3 19.3 88.2 7.80 7.5 1.04
Table D. 1 .3 .1 0 .  : Sand A - 557<> Stone
(S e r i e s  No. 2)
55A3.5M 2.202 2.125 13.1 *20.6 36.4 6.11 3.0 2.08
55A4.5M 2.277 2.174 8.8 18.8 53.0 6.24 3.5 1.81
55A5.0M 2.302 2.187 7.1 18.3 61.1 7.31 3 .4 2.16
55A5.5M 2.322 2.195 5.6 18.0 68.9 10.60 4 .0 2.64
55A6.0M 2.334 2.194 4 .4 18.0 75.4 9.03 4.7 1.94
55A6.5M 2.347 2.194 3.3 18.1 82.0 8.70 5.1 1.70
55A7.5M 2.335 2.160 2.3 19.3 88.1 7.16 7.0 1.03
3 3 8
Table D. 1 .3 .1 1 .  : Sand A - Oyo Stone (S ing le  Binder C o n ten t) .
SPECIMEN
I .D . SM SA VM VA VF S F Q
0A12.0M13 2.103 1.851 5.2 29.7 82.6 4.81 6.2 0.78
0A12. 0M14 2.096 1.845 5.5 29.9 81.7 4.85 6.2 0.78
0A12.0M15 2.096 1.844 5.5 29.9 81.7 4.45 6.6 0.68
0A12.0M16 2.101 1.849 5.2 29.7 82,4 - - -
0A12. 0M17 2.100 1.848 5.3 29.8 82.2 5.14 7.9 0.65
0A12. 0M18 2.090 1.839 5.7 30.1 80.9 5.44 6.9 0.79
0A12. 0M19 2.096 1.844 5.5 29.9 81.7 5.82 7.6 0.77
OA12.0M20 2.098 1.847 5.4 29.8 82.0 5.59 7.5 0.75
0A12.0M21 2.098 1.856 5.4 29.8 82.0 5.53 7.3 0.75
0A12.0M22 2.097 1.845 5.4 29.9 81.8 5.60 6.7 0.83
0A12.0M23 2.103 1.851 5.2 29.7 82.6 5.92 6.1 0.98
0A12.0M24 2.103 1.851 5.1 29.6 82.7 5.13 6.8 0.76
MEAN 2.098 1.847 5.4 29.8 82.0 5.30 6.9 0.78
STANDARD
DEVIATION 0.004 0.004 0.2 0.1 0.5 0.46 0 .6 0.09
COEFFICIENT 
OF VARIATION 0.2 0.2 3.7 0.3 0.6 8.7 8.7 11.5
RANGE 0.013 0.012 0.6 0.5 1.8 14.70 1.8 0.33
3 3 9
Table D. 1 .3 .1 2 .  : Sand A - 307o Stone (S ing le  Binder C o n te n t ) .
SPECIMEN
I.D . SM SA VM VA VF S F Q
30A8. 0M13 2.251 2.071 5.0 22.5 77.8 6.75 4 .0 1.70
30A8.0M14 2.249 2.069 5.1 22.6 77.4 6.46 4 .0 1.63
30A8.0M15 2.259 2.078 4.7 22.2 78.9 7.00 4 .0 1.77
30A8.0M16 2.248 2.068 5 .1 22.6 77.3 6.84 4 .1 1.69
30A8.0M17 2.245 2.065 5.3 22.7 76.9 6.49 3.7 1.77
30A8. 0M18 2.253 2.073 4 .9 22.4 78.1 7.04 4.2 1.67
30A8. 0M19 2.236 2.057 5.7 23.0 75.4 6.41 4 .0 1.60
30A8.0M20 2.250 2.070 5 .0 22.5 77.7 6.90 3.5 1.95
30A8.0M21 2.251 2.070 5 .0 22.5 77.7 7.06 3.9 1.80
30A8.0M22 2.238 2.059 5.6 23.0 75.7 5.82 3.6 1.61
30A8.0M23 2.232 2.053 5.8 23.1. 74.9 5.73 3.5 1.63
30A8. 0M24 2.252 2.072 4 .9 22.4 78.0 6.48 3.6 1.80
MEAN 2.247 2.067 5.2 22.6 77.2 6.58 3.8 1.72
STANDARD
DEVIATION 0.008 0.007 0.4 0.3 1.2 0.45 0.3 0.10
COEFFICIENT 
OF VARIATION 0.4 0.3 7.7 1.3 1.6 6.8 7.9 5.8
RANGE 0.027 0.025 1.1 0.9 4 .0 13.30 0.7 0.35
34  0
D .1.4  G raphical P r e s e n ta t io n  - Sand A
Figure D .1 .4 .1
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Figure D . l .4 .2
























































Figure D .1 .4 .3
M arshall R esu l ts  : Sand A - 407a Stone
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Figure D . l .4 .4



















































D.1 .5 .  Co-opera t ive  Work a t  E.R.C.A.
Tables of R e su l t s  - Sand A.
Table D. 1 .5 .1 .  : Sand A - 07a Stone (E .R.C .A ,)
MIX
CODE SM SA VM VA VF S F Q
0A9.5M 2.054 1.859 10.4 29.4 64.5 3.58 3.5 1.05
OAlO. OM 2.075 1.867 8.9 29.1 69.3 3.92 3.9 1.00
OA10.5M 2.088 1.869 7.7 29.0 . 73.5 3.82 4 .6 0.83
0A11.0M 2.087 1.857 7.1 29.4 75.8 3.70 4 .6 0.80
0A11.5M 2.098 1.857 6.0 29.3 79.6 5.19 5.0 1.04
OA12. OM 2.094 1.843 5.6 30.0 81.5 5.43 5.7 0.96
0A12.5M 2.097 1.835 4 .8 30.3 84.1 4.89 5.6 0.88
OA13.0M 2.085 1.814 4.7 31.1 84.8 4.29 6.1 0.71
OA13.5M 2.074 1.794 4.6 31.8 85.4 3.72 7.1 0.53 ~
0A14. OM 2.059 1.771 4.7 32.7 85.6 3.23 7.7 0.42
OA14.5M 2.036 1.741 5.2 33.8 84.7 2.60 7.8 0.33
OA15. OM 2.009 1.708 5.9 35.1 83.3 2.19 8 .4 0.26
Table D . 1 . 5 . 2. : Sand A - 07o Stone
(Single  Binder Content - E .R.C.A.)
specimen
I .D. SM S







D .1 .6 . Tables of R esu l ts  - Sand B "As Received11.
Table D. 1 .6 .1 .  : Sand B "As Received" - 07a Stone
MIX
CODE SM SA VM VA VF S F Q
0BU.5M 2.123 2.028 13.7 23.0 40.4 4.64 3.8 1.27
0B15 . OM 2.167 2.057 11.3 21.8 48.3 5.17 3.9 1.35
0B15.5M 2.209 2.088 8.9 20.7 57.0 5.67 4 .3 1.33
0BX6.OM 2.252 2.117 6.5 19.6 66.9 5.61 4 .2 1.34
0B16.5M 2.265 2.118 5.3 19.6 73.1 5.62 4 .7 1.22
OB1? . OM 2.272 2.113 4.6 20.0 77.2 5.16 5.5 0.95
OB1? . 5M 2.261 2.091 4 .1 20.6 80.0 4.87 6.7 0.74
OB18.OM 2.252 2.072 3.8 21.3 82.2 4.00 9 .4 0.43
OB18.5M 2.245 2.054 3.4 22.0 84.4 3.52 8.9 0.40
OB1^ . OM 2.218 2.019 3.9 23.3 83.2 2.83 14.4 0.20
OBX9.5M 2.203 1.994 4 .0 24.3 83.7 __
Table D . 1 . 6 . 2. : Sand B "As Received11 - 10% Stone
10B14 . OM 2.187 2.100 12.0 20.5 41.5 5.35 5.7 0.95
10BX5.0M 2.278 2.165 7.0 18.0 61.4 6.83 4 .5 1.54
10B15.5M 2.293 2.166 5.7 18.0 68.2 6.27 5 .1 1.25
10B16.0M 2.304 2.165 4.6 18.0 74.6 5.91 5 .4 1.11
10B16.5M 2.306 2.156 3.8 18.4 79.2 5.03 5.8 0.86
10BX7.5M 2.297 2.125 2.8 19.5 85.6 3.83 7.7 0.50
3 4 6
Table D.1.6.3. : Sand B "As Received” - 207„ Stone
MIX
CODE SM SA VM VA VF S F Q
20B13.5M 2.237 2.159 10.9 18.5 41.1 7.42 4 .3 1.74
20B14.0M 2.282 2.191 8 .4 17.3 51.3 7.06 4.7 1.53
20B14.5M 2.324 2.219 6.1 16.2 62.7 7.41 4.7 1.59
20B15.0M 2.319 2.204 5.5 16.8 67.0 6.44 4.5 1.46
20B15.5M 2.325 2.198 4.6 17.0 72.9 6.12 4.8 1.31
20B16.5M 2.305 2.155 3.3 17.9 81.8 5.80 6.6 0.88
I
Table D . 1 . 6 . 4.  : Sand B "As Received" - 307a Stone
30BX3.0M 2.263 2.195 10.8 17.4 38.0 6.99 3.2 2.18
30B13.5M 2.308 2.227 8.3 16.2 48.5 8.64 3.6 2.43
SOB^.OM 2.349 2.255 6.0 15.1 60.4 8.83 3.7 2.39
30BL4.5M 2.347 2.247 5.4 15.6 65.7 7.05 4 .0 1.76
30B15.OM 2.358 2.240 4.2 15.7 73.0 6.43 4 .3 1.51
30Zl 5.5M 2.373 2.242 2.9 15.6 81.2 5.86 5.5 1.07
30B16.0M 2.359 2.218 2.8 16.5 83.2 5.42 7.1 0.77
30B16.5M 2.345 2.193 2.7 17.5 84.8 4.75 8.7 0.55
30B17.0M 2.334 2.171 2.4 18.3 86.9 4.13 9.7 0.43
347
D .1 .7 . Tables o f  R esu lts  - Sand B.
Table D. 1 .7 .1 .  : Sand B - 07o Stone
( S e r ie s  No. 1)
MIX
CODE SM SA VM VA VF S F Q
OB5.5M 2.133 2.015 12.1 23.4 48.6 5.05 3.0 1.67
OB6.5M 2.196 2.053 8.2 22.0 62.9 4.82 3.6 1.33
0B7. OM 2.216 2.061 6.7 21.7 69.4 5.00 3.9 1.29
OB7.5M 2.216 2.050 6.0 22.1 72.9 4.52 4 .3 1.06
0B8. OM 2.221 2.043 5 .1 22.4 77.1 4.60 5 .0 0.94
0B8.5M 2.222 2.033 4 .4 22.8 80.5 3.62 5.6 0.72
OB9.5M 2.219 2.008 3.3 23.7 86.3 3.72 7.0 0.54
Table D . 1 . 7 . 2. ; Sand B - 0% Stone
(S e r ie s  No. 2)
OB5.5M 2.150 2.032 11.4 22.8 50.3 4.55 4 .1 1.12
OB6.5M 2.207 2.063 7.7 21.6 64.4 4.90 4 .0 1.25
OB7.0M 2.221 2.066 6.5 21.5 70.1 4.52 3.8 1.21
OB7.5M 2.235 2.067 5.2 21.5 75.8 4.45 5.5 0.84
OB8.0M 2.235 2.056 4.5 21.9 79.3 4.33 5.5 0.79
0B8.5M 2.234 2.044 3.9 22.4 82.5 4.05 6.2 0.66
0B9. 0M 2.223 2.023 3.7 23.2 83.9 3.65 6.7 0.55
3 4 8
Table D .1 .7 .3. : Sand B - 107o Stone
MIX
CODE SM SA VM VA VF S F Q
10B4.5M 2.162 2.065 12.1 21.5 43.9 4.14 3.6 1.15
10B5.5M 2.187 2.067 9.8 21.5 54.4 5.08 3.6 1.41
10B6. OM 2.225 2.092 7.6 20.5 63.2 5.26 3.8 1.38
10B6.5M 2.235 2.089 6.5 20.6 68.5 5.36 3.7 1.45
10B7.0M 2.244 2.087 5.4 20.7 73.8 4.67 4 .6 1.02
10B7.5M 2.234 2.044 3.9 22.3 82.6 3.87 6.3 0.61
10B8.5M 2.214 2.026 4.7" 23.0 79.5 3.54 6.4 0.55
Table D. 1.7.4*. : Sand B - ‘207o Stone
20B4. OM 2.124 2.039 14.4 22.7 36.4 5.09 2.7 1.89
20B5.0M 2.189 2.079 10.5 21.1 50.3 5.28 2.5 2.11
20B5.5M 2.231 2.108 8.1 20.0 59.0 5.72 3.0 1.91
20B6.0M 2.253 2.118 6.6 19.7 66.6 5.70 3.5 1.63
20B6.5M 2.266 2.119 5.4 20.1 72.8 5.46 4 .0 1.37
20B7.0M 2.263 2.105 4.8 20.2 76.3 4.94 4 .4 1.12
20B8.0M 2.258 2.078 3.7 21.2 82.7 4.00 6.1 0.66
34  9
Table D.1.7.5. : Sand B - 30%, Stone
MIX
CODE SM SA VM VA VF S F Q
30B4.0M 2.269 2.178 8.8 17.7 49.9 7.08 3.1 2.27
30B4.5M 2.282 2.180 7.6 17.6 56.6 7.12 2.9 2.50
30B5.0M 2.305 2.190 6.1 17.2 64.9 6.75 3.1 2.20
30B5.5M 2.312 2.185 5.1 17.4 70.8 6.47 4 .0 1.62
30B6.0M 2.303 2.165 4.8 18.2 73.7 5.58 4 .0 1.39
30B6.5M 2.295 2.146 4 .4 18.9 76.6 4.24 5.7 0.75
30B7.5M 2.286 2.114 3.5 20.1 82.7 3.50 6.0 0.59
Table D . 1 . 7 . 6. : Sand B - 387o Stone
38B3. OM 2.241 2.173 11.5 18.1 36.1 4.45 3.8 1.17
38B4.0M 2.286 2.194 8 .4 17.3 51.3 6.38 4 .0 1.59
38B4.5M 2.319 2.214 6.4 16.6 61.2 7.19 3.8 1.92
38B5.0M 2.340 2.220 5.0 16.3 69.4 6.74 3.5 1.91
38B5.5M 2.338 2.210 4 .3 16.8 74.5 6.43 4 .5 1.44
38B6. 0M 2.339 2.199 3.6 17.2 79.4 5.74 5.0 1.15 _
38B7.0M 2.318 2.156 3.1 18.8 83.8 4.92 7.3 0.68 .
Table D . 1 . 7 . 7. : Sand B - 55%, Stone
55B3.0M 2.333 2.262 8.5 15.2 44.6 6.32 3.5 1.83
55B3.5M 2.364 2.281 6.5 14.5 55.2 7.88 3.4 2.37
55B4.0M 2.377 2.282 5.3 14.5 63.6 8.06 4.0 2.04
55B4.5M 2.384 2.277 4.3 14.7 70.7 7.63 4 .1 1.74
55B5.0M 2.397 2.276 3.1 14.7 79.2 8.38 4.8 1.76
55B5.5M 2.392 2.261 2.6 15.3 83.3 6.95 5.6 1.24
55B6.5M 2.363 2.210 2.4 17.3 86.3 5.57 8.1 0.69
3 5 0
D.1.8 G raphica l P re s e n ta t io n  - Sand B
Figure D.1 .8 .1











































Figure D . l .8 .2
















































Figure D . l .8 .3
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Figure  D . l .8 .4
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D.2 . INDIRECT - TENSILE TEST RESULTS:
D.2 .1 .  I n t r o d u c t i o n .
R esu l t s  ob ta ined  using the I n d i r e c t - T e n s i l e  t e s t  method as des ­
c r ib e d  in  Chapter 5 are  p re sen ted  i n  the fo l lowing s e c t i o n s .
Tables c o n ta in in g  r e s u l t s  f o r  a l l  m ix tures  t e s t e d  are  in c luded .  
The f i g u r e s  i n  t a b l e s  are  mean va lues  f o r  d u p l i c a te  specimens 
f o r  each m ix tu re ,  i n  each case  the mixture i s  i d e n t i f i e d  by the 
MIX CODE (see 4 . 6 . 3 . ) ,  the  i n d iv id u a l  specimen numbers having 
been om it ted .
The symbols a t  the  head of  each column (S^ S^, e t c . )  r e f e r  to  
the  mixture  p r o p e r t i e s  dete rmined,  and are  de f ined  f u l l y  under 
NOTATION and in  Chapter 6.
For s e l e c te d  stone c o n ten t s  the  t a b u la t e d  r e s u l t s  have also,  been 
p re sen ted  g r a p h i c a l l y  to i n d i c a t e  how the  va r ious  p r o p e r t i e s  
vary  w i th  r e s p e c t  to  b inde r  co n ten t  (w^). Each p o in t  on the 
graphs r e p r e s e n t s  the  mean value  f o r  d u p l i c a te  specimens a t  t h a t .... 
b inder  c o n t e n t . __
3 5 5
D .2 .2 .  Tables of R esu lts  - Sand A
Table D .2 .2 .1 .  : Sand A - 0 %  Stone
MIX
CODE SM SA VM VA VF I . T . S . AD T
0A9. 5T 2.046 1.851 10.8 29.6 63.7 5.34 6.0 8.9
0A10. OT 2.060 1.854 9.6 29.5 67.7 5.76 5.8 9.9
OA10.5T 2.078 1.860 8.1 29.3 72.3 6.10 5.5 11.1
OAll.OT 2.096 1.866 6.7 29.1 77.0 6.30 5.7 11.1
OA11.5T 2.101 1.859 5.9 29.3 80.0 6.26 6.1 10.3
OA12.0T 2.098 1.847 5.4 29.8 82.0 6.06 6.6 9.2
OA12.5T 2.098 1.836 4.8 30.2 84.2 5.90 7.6 7.8
OA13.0T 2.090 1.818 4 .5 30.9 85.4 5.52 9.4 5.9
Table D . 2 . 2 . 2. : Sand A - 107o Stone
10A8.5T 2.103 1.924 9.8 27.1 64.1 5.55 4 .4 12.6
10A9. 5T 2.125 1.924 7.6 27.1 72.2 5.96 4 .8 12.4
10A10.0T 2.131 1.918 6.7 27.4 75.7 6.28 4.9 12.8
10A10.5T 2.148 1.922 5.3 27.2 80.6 6.17 5.1 12.1
10A11.0T 2.146 1.909 4.8 27.7 82.8 6.06 5.8 10.5
10A11.5T 2.130 1.885 4.8 28.6 83.2 5.36 7.3 7.3
10A12.5T 2.094 1.838 5.5 30.4 81.9 4.77 10.5 4 .5
35 6
Table D .2 .2 .3. : Sand A - 20%  Stone
MIX
CODE SM SA VM VA VF I .T .S . AD T
20A7.0T 2.121 1.973 11.1 25.5 56.5 5.83 2.7 21.6
20A8.0T 2.158 1.986 8.3 25.0 67.0 6.33 3.5 18.1
20A8.5T 2.172 1.988 7.0 24.9 71.9 6.42 3.8 16.9
20A9.0T 2.184 1.988 5.9 24.9 76.6 6.87 4 .1 16.8
20A9.5T 2.187 1.979 5.1 25.3 79.9 6.30 4 .6 13.7
20A10.0T 2.189 1.970 4 .4 25.6 82.9 5.96 5.0 11.9
20A11.0T 2.177 1.938 3.6 26.8 86.7 5.29 7.3 7.3
Table D.2 . 2 .4 .  : Sand A - 307o Stone
30A6.0T 2.182 2.051 10.1 22.8 55.8 7.11 2.8 25.4
30A6.5T 2.197 2.055 8.8 22.6 61.3 7.74 2.8 27.6
30A7.0T 2.208 2.054 7.7 22.7 66.2 7.48 3.3 22.7
30A7.5T 2.228 2.060 6.2 22.4 72.4 7.62 3.2 23.8
30A8.0T 2.231 2.052 5.4 22.7 76.2 7.13 3.4 21.0
30A8.5T 2.236 2.046 4.5 23.0 80.4 6.28 4 .2 15.0
30A9. 0T 2.239 2.036 3.9 23.4 83.6 6.61 5.0 13.2
30A10.0T 2.219 1.997 3.3 24.8 86.7 5.31 6.6 8 .1
35 7
Table D .2 .2 .5. : Sand A - 40yo Stone
MIX
CODE SM SA VM VA VF I . T . S . AD T
40A5.5T 2.223 2.100 9.3 21.2 56.1 7.32 2.2 33.3
40A6.5T 2.266 2.119 6.2 20.5 69.8 8.06 2.6 31.0
40A7. OT 2.278 2.119 5 .0 20.8 75.6 8.00 3.4 23.5
40A7.5T 2.287 2.116 4 .0 20.6 80.8 7.53 3.3 22.8
40A8. OT 2.291 2.108 3.1 20.9 85.1 6.68 4 .4 15.2
40A8.5T 2.282 2.088 2.8 21.7 86.9 6.34 5.3 12.0
40A9.5T 2.251 2.037 2.8 23.6 88.0 5.16 7.3 7.1
Table D .2 . 2 .6 .  : Sand A - 557., Stone
55A3.5T 2.261 2.182 10.8 18.5 41.7 4.17 2.2 19.0
55A4.5T 2.293 2.189 8.2 18.2 55.1 7.79 3 .0 26.0
55A5.0T 2.299 2.184 7.3 18.4 60.6 8.63 2.2 39.2
55A5.5T 2.329 2.200 5 .4 17.8 69.9 8.38 2.6 32.2
55A6. OT 2.319 2.180 5.1 18.6 72.8 7.67 2.6 29.5
55A6.5T 2.345 2.193 3.3 18.1 81.7 7.37 2.9 25.4
55A7.5T 2.335 2.160 2.3 19.3 88.0 6.99 3.9 17.9
3 5 8
D .2 .3 G raphical P r e s e n ta t io n  - Sand A
Figure 2 .3 .1
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Figure 2 .3 .2
In d i r e c t - T e n s i l e  R esu l ts  : Sand A - 30%. Stone
36 0
Figure 2 .3 .3
























































Figure 2 .3 .4










































D .2 .4 Tables of R esu lts  - Sand B.
Table D .2 .4 .1 .  : Sand B - 0% Stone
MIX
CODE SM SA VM VA VF I . T . S . AD T
0B5,5T 2.157 2.039 11.0 22.5 51.2 7.62 2.8 27.2
0B6.5T 2.201 2.058 7.9 21.8 63.8 8.20 3.7 22.2
0B7. OT 2.206 2.052 7.0 22.0 68.1 8.34 4 .0 20.9
OB7.5T 2.218 2.052 5.9 22.0 73.4 8.24 3.7 22.3
OB8.0T 2.235 2.055 4.5 21.9 79.4 7.82 4 .5 17 .4—
OB8.5T 2.235 2.045 3.8 22.3 82.9 7.33 4 .9 15.0
0B9. OT 2.225 2.025 3.6 23.0 84.4 6.81 5.9 11.5
OBIO.OT 2.192 1.973 3.7 25.0 85.1 5.85 9.1 6.4
Table D .2 .4 .2 .  : Sand B - 107o Stone
10B4.5T 2.103 2.009 14.5 23.7 38.8 4.32 1.9 22.7
10B5.5T 2.175 2.056 10.3 21.9 53.1 7.32 2.2 33.3
10B6.0T 2.200 2.068 8.6 21.4 59.9 7.85 2.4 32.7
10B6.5T 2.228 2.083 6.8 20.8 67.5 8.21 2.9 28.3
10B7.0T 2.232 2.075 6.0 21.1 71.8 7.83 2.7 29.0
10B7.5T 2.243 2.074 4.9 21.2 77.1 7.55 3.6 21.0
10B8.5T 2.231 2.042 4 .0 22.4 82.3 7.24 5.2 13.9
3 6 3
Table D.2.4.3. : Sand B - 207o Stone
MIX
CODE SM SA VM VA VF I . T . S . A d T
20B4.0T 2.145 2.059 13.6 21.9 38.1 5.03 1.7 29.6
20B5.0T 2.209 2.099 9.7 20.4 52.6 7.06 2.0 35.3
20B5.5T 2.235 2.112 8 .0 19.9 60.0 7.69 2.7 28.5
20B6.0T 2.259 2.124 6.3 19.5 67.7 8.24 2.6 31.7
20B6.5T 2.272 2.124 5.1 19.4 73.8 7.67 3.2 24.0
20B7.OT 2.273 2.114 4 .4 19.8 78.0 7.08 3.5 20.2
20B8.0T 2.260 2.080 3.6 21.1 83.1 5.71 5 .3 10.8
Table D.2 . ^ . 4 .  : Sand B - 307<, Stone
30B4.0T 2.211 2.122 11.2 19.8 43.9 6.40 2.0 32.0
30B4.5T 2.248 2.147 9 .0 18.8 52.1 7.27 2.2 33.1
30B5.0T 2.277 2.163 7.2 18.3 60.6 9.13 2.0 45.7  .
30B5.5T 2.297 2.170 5.7 18.0 68.2 8.96 2.2 40.7
30B6.0T 2.313 2.174 4 .4 17.8' 75.6 8.49 2.9 29.3
30B6.5T 2.308 2.158 3.9 18.5 78.9 7.58 3.9 19.4
30B7.0T 2.303 2.142 3.4 19.1 82.1 6.79 4 .3 15.8
30B7.5T 2.290 2.118 3.3 20.0 83.5 6.23 5.1 12.2
3 6 4
Table P.2.4-.5. : Sand B - 387<, Stone
MIX
CODE SM SA VM VA VF I.ToSo AD T
38B3.0T 2.238 2.171 11.7 18.2 35.9 5.91 1.9 31.1
38B4.0T 2.307 2.215 7.6 16.5 54.2 8.84 1.9 46.5
38B4.5T 2.323 2.218 6.3 16.4 61.9 9.40 1.9 49.5
38B5.0T 2.336 2.221 5.0 16.3 69.6 8.36 2.2 38.0
38B5.5T 2.352 2.223 3.7 16.7 77.3 8.09 1.9 42.6
38B6.0T 2.345 2.204 3.3 17.0 80.6 7.04 2.9 24.3
38B7.0T 2.319 2.157 3.0 18.8 84.0 5 .21 4 .0 13.0
Table D .2 .^ .6 .  : Sand B - 557o Stone
55B3.0T 2.337 2.267 8.3 15.1 45.2 5.64 1.5 37.6
55B3.5T 2.368 2.285 6.4 14.4 55.6 8.46 1.9 44.5-
55B4.0T 2.387 2.292 4 .9 14.2 65.5 9.99 1.8 55.5
55B4.5T 2.396 2.288 3.8 14.3 73.3 9.52 2.3 41.4
55B5.0T 2.399 2.279 3.0 14.7 79.4 8.32 2.9 28.7
55B5.5T 2.394 2.263 2.5 15.3 83.7 7.71 3.2 24.1
36 5
D.2.5 G raphical P r e s e n ta t io n  - Sand B
Figure 2 .5 .1
I n d i r e c t - T e n s i l e  R esu lts  : Sand B - 07o Stone
10 -
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Figure 2 .5 .2























































Figure 2 .5 .3



















































Figure 2 .5 .4










































D.3. WHEEL-TRACKING TEST RESULTS
D .3 .1 . I n t r o d u c t io n :
R esu lts  ob ta in ed  using  the  Wheel-Tracking t e s t  method, as d e sc r ib ed  
in  Chapter 5 are  p re sen ted  in  the  fo llow ing  s e c t io n s .
Tables c o n ta in in g  r e s u l t s  f o r  a l l  m ix tu res  t e s t e d  are  in c lu d e d .
The f ig u r e s  g iven  in  the  t a b le s  are  the va lues  o b ta in ed  f o r  t e s t s  
on a s in g le  specimen of each m ix tu re .  In  each case  the  m ixture  
can be i d e n t i f i e d  by the  specimen i d e n t i f i c a t i o n  number (see  4 . 6 . 3 ) .
The symbols a t  the  head of each column (S^, S^, e t c . )  r e f e r  to  - 
the  m ixture  p r o p e r t i e s  de term ined , and are  de fined  f u l l y  under 
NOTATION and in  Chapter 6.
For each  o f the Stone Contents  t e s t e d  the  ta b u la te d  r e s u l t s - h a v e  - 
a lso  been p re sen ted  g ra p h ic a l ly  to  in d ic a te  how the  v a r io u s  -prop­
e r t i e s  vary  w ith  re s p e c t  to b in d e r  co n ten t  (w ) .  Each p o in tD
on the graphs r e p re s e n ts  the r e s u l t  o b ta ined  f o r  a s in g le  specimen 
a t  t h a t  b in d e r  c o n te n t .  — -----------
37 0
D .3 .2 . Table of R esu lts  -  Sand A
Table D .3 .2 .1 .  ; Sand A - 30%, Stone (S e r ie s  No. 1)
SPECIMEN
I.D . SM SA VM VA VF T.R0
30A6.0W1 2.064 1.940 15.3 27.3 44.0 2 .0  .
30A6.5W1 2.101 1.964 13.2 26.5 50.0 1.4
30A7.0W1 2.126 1.977 11.5 26.0 55.6 2.8
30A7.5W1 2.171 2.008 9.0 24.8 63.7 2.3
30A8.0W1 2.198 2.022 7.2 24.3 70.3 2.4
30A8.5W1 2.209 2.021 6.1 24.9 73.2 1.9
30A9.0W1 2.210 2.011 5.4 24.7 78.2 3.2
30A10.0W1 2.217 1.995 3.8 25.3 85.1 8 .1
30 A l l .  0W1 2.192 1.951 3.6 27.0 86.7 22.5
Table D .3 .2 .2. : Sand A - 307o Stone (S e r ie s  No. 2)
30A6.0W2 2.053 1.930 15.8 27.8 43.0 2.3
30A7.0W2 2.128 1.979 11.4 25.9 55.8 1.7
30A8. 0W2 2.175 2.001 8.2 25.1 67.3 1.9
30A9. 0W2 2.212 2.013 5 .4 24.7 78.3 .2.5
30A10.0W2 2.223 2.001 3.6 25.2 85.7 9 .6
30A11.0W2 2.186 1.946 3.9 27.3 85.5 26.3
371
Table D .3 .2 .3. : Sand A - 40% Stone
SPECIMEN
I.D . SM SA VM VA VF T.R.
40A5.5W1 2.122 2.005 13.4 24.7 45.9 1.2
40A6.5W1 2.186 2.044 9.5 23.3 59.2 1.1
40A7.0W1 2.206 2.052 8.0 23.0 65.2 0.9
40A7.5W1 2.227 2.060 6.5 22.7 71.4 1.3
40AS. 0W1 2.258 2.077 4.5 22.0 79.7 1.8
40A8.5W1 2.262 2.070 3.7 22.4 83.3 2.7
40A9.5W1 2.249 2.035 2.9 23.6 87.9 7.5
Table D .3 .2 .4 . : Sand A - 557o Stone
55A3.5W1 2.133 2.058 1 5 .8 23.1 31.4 0.7
55A4.5W1 2.176 2.078 12.8 22.3 42.6 0.7
55A5.0W1 2.223 2.112 10.3 21.1 51.1 1.0
55A5.5W1 2.253 2.129 8.4 20.4 59.0 1.1
55A6.0W1 2.281 2.144 6.6 20.0 66.4 1.4
55A6.5W1 2.308 2.158 4 .8 19.4 75.1 1.2
55A7.5W1 2.320 2.146 3.0 19.9 84.9 3.3
55A8. 0W1 2.315 2.130 2.4 20.4 88.1 5 .0
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D .3.3  G raphical P r e s e n ta t io n  - Sand A
Figure D .3 .3 .1
Wheel Tracking R esu lts  : Sand A - 307o Stone
5:22-5
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Figure D .3 .3 .2
Wheel Tracking R esu l ts  ; Sand A - 407o Stone
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Figure D .3 .3 .3
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D .3 .4 . Tables of R esu lts  - Sand B.
Table D .3 .4 .1 .  ; Sand B - 307<, Stone
SPECIMEN
I.D . SM SA VM VA VF T.R.
30B4.0W1 2.123 2.038 14.7 23.0 35.9 0.9
30B4.5W1 2.177 2.079 11.9 22.0 43.2 1.7
30B5. 0W1 2.201 2.091 10.3 21.0 50.9 2 .3
30B5.5W1 2.228 2.106 8.5 20.4 58.3 2.7
30B6. 0W1 2.256 2.121 6.7 19.8 66.4 3 .0
30B6.5W1 2.287 2.138 4 .8 19.2 75.2 3.3
30B7. 0W1 2.284 2.124 4 .2 19.7 78.8 5 .6
30B7.5W1 2.276 2.105 3.9 20.5 80.8 7.5
Table D .3 .4 .2. : Sand B - 38% Stone
38B4.0W1 2.181 2.094 12.6 21.1 40.1 1.7
38B4.5W1 2.231 2.131 10.0 19.8 49.2 0.8
38B5. 0W1 2.252 2.139 8.5 19.4 56.4 1.9
38B5.5W1 2.290 2.164 6.2 18.4 66.5 1.9
38B6. 0W1 2.321 2.182 4 .3 17.8 76.0 2.1
38B6.5W1 2.321 2.170 3.6 18.3 80.0 5 .0
38B7.0W1 2.318 2.156 3 .0 18.8 83.8 10.9
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Table D .3 .4 .3 .  : Sand B - 55%, Stone
SPECIMEN
I.D . SM SA VM VA VF T.R.
55B3.0W1 2.236 2.169 12.2 18.7 34.8 1.3
55B3.5W1 2.274 2.194 10.1 17.8 43.4 1.7
55B4.0W1 2.310 2.218 8 .0 17.0 52.8 1.5
55B4.5W1 2.339 2.234 6.1 16.3 62.7 1.7
55B5.0W1 2.361 2.243 4 .5 16.0 71.6 1.7
55B5.5W1 2.375 2.244 3.3 16.0 79.3 1.9
55B6.0W1 2.379 2.236 2.4 16.3 85.0 5 .0
55B6.5W1 2.366 2.212 2.2 17.1 87.3 7 .5
3 7 7
D.3.5 G raph ical P r e s e n ta t io n  - Sand B
Figure D .3 .5 .1
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Figure D .3 .5 .2





































Figure D .3 .5 .3































D .3 .6 . Tables of R esu lts  - Sand A; Rut-Depth Data
Table D .3 .6 .1 .  : Sand A - 30yo Stone (S e r ie s  No. 1 ) .
SPECIMEN 
I.Do R,D*100 R,D ,1000 RiD#END
30A6.0W1 0.75 1.90 2.60
30A6.5W1 0.65 1.60 2.15
30A7.0W1 0.65 2.20 3.00
30A7.5W1 0.60 1.90 2.65
30A8. 0W1 0.85 2.50 3.25
30A8.5W1 1.00 2.85 3.55
30A9.0W1 0.90 2.70 3.50
30A10.0W1 2.05 6.30 8.40
30A11.0W1 6.75 - -
Table D .3 .6 .2. : Sand A - 307<» Stone (S e r ie s  No. 2 ) .
30A6. 0W2 0.65 1.70 2.35
30A7.0W2 1.00 2.30 2.85
30A8.0W2 1.50 3.00 3.60
30A9.0W2 1.05 2.60 3.30
30A10.0W2 3.75 9.50 12.8
30A11.0W2 6.00 - -
Table D.3.6.3. : Sand A - 40%, Stone
SPECIMEN
I.D . R#D*100 R,D ,1000 r , d , end
40A5.5W1 0.55 1.05 1.70
40A6.5W1 1.35 2.30 2.70
40A7. 0W1 1.20 2.30 2.55
40A7.5W1 1.05 2.45 2.85
40A8. 0W1 1.65 3.10 3.65
40A8.5W1 1.90 4.25 6.50
40A9.5W1 2.45 7.90 10.50
Table D .3 .6 .4. : Sand A -  55%. Stone
55A3.5W1 1.60 2.70 2.95
55A4.5W1 1.65 2.30 2.80
55A5. 0W1 1.75 2.95 3.25
55A5.5W1 1.50 2.70 3.20
55 A6. 0W1 1.55 2.20 2.60
55A6.5W1 1.20 2.20 2.60
55A7.5W1 2.70 5.25 6.60 •
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D.3.7 G raphical P r e s e n ta t io n  - Sand A, Rut Depth Data
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D.3.9 G raphical P r e s e n ta t io n  - Sand B, Rut Depth Data
30 % stone 38 % stone 55 % stone
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D .3 .8 . Tables of R esu lts  - Sand B; Rut-Depth D a ta .
Table D .3 .8 .1 .  : Sand B - 30% Stone
SPECIMEN
I . D . R . D . l O o R *D , 1000 r , d *end
3 0 B 4 . 0W1 1 . 7 5 3 . 0 0 3 . 2 0
30B4.5W1 1 . 6 0 3 . 0 0 5 . 5 0
30B5.0W1 2 . 0 5 4 . 2 0 5 . 0 0
30B5.5W1 2 . 2 0 4 . 2 5 5 . 2 5
3 0 B 6 . 0W1 1 . 8 0 4 . 1 5 5 . 4 0
30B6.5W1 2 . 3 0 4 . 3 5 5 . 5 0
30B7.0W1 3 . 0 0 6 . 8 5  . 8 . 8 5
30B7.5W1 2 . 4 5 8 . 1 5 1 0 . 6 0
Table D . 3 . 8 . 2 .  : Sand B -  387o Stone
3 8 B 4 . 0W1 1 . 4 0 2 . 5 0 3 . 2 5
38B4.5W1 1 . 8 5 3 . 5 0 4 . 1 5
38B5.0W1 2 . 7 0 5 . 0 0 6 . 9 0
38B5.5W1 1 . 9 0 3 . 6 0 3 . 8 5
38B6.0W1 2 . 5 0 4 . 6 5 5 . 4 0
38B6.5W1 2 . 8 0 7 . 0 0 8 . 9 0
38B7.0W1 3 . 3 0 1 1 . 7 5 1 5 . 7 0
3 8 4
Table D .3 .8 .3 .  ; Sand B - 55% Stone
SPECIMEN 
I.Do R#D*100 R,D*1000 r , d *end
55B3.0W1 1.60 2.60 2.80
55B3.5W1 1.75 2.80 3.65
55B4.0W1 1.75 3.25 3.80
55B4.5W1 1.80 3.70 4 .60
55B5. 0W1 1.40 2.80 3.40
55B5.5W1 1.60 3.25 4.00
55B6.0W1 2.50 6.00 7.75
55B6.5W1 3.75 8.75 9.50
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E. STATISTICAL METHODS
E .1 In t ro d u c t io n
The s t a t i s t i c a l  terms and methods r e f e r r e d  to  during  the  "D iscussion  
o f  Experim ental R e su l ts "  and e lsew h ere , a re  de f ined  and o u t l in e d
been kept to  a minimum and f o r  a more d e ta i l e d  e x p lan a t io n  of 
the  terms and the  underly ing  th e o ry ,  the  re a d e r  i s  r e f e r r e d  e l s e -
E.2 C h a r a c t e r i s t i c s  of D isp ers io n s  
E .2 .1  A rithm etic  Mean
This was used to  give a t y p i c a l  r e p r e s e n ta t io n  o f a group of obser 
v a t io n s  taken  as a whole, and to  d e sc r ib e  the  value about which 
the  observed va lu es  c lu s t e r e d .
n = t o t a l  number of o b se rv a t io n s  
E .2 .2  Variance and Standard D ev ia tion
These param eters  were used to  measure the  degree o f  d i s p e r s io n  
( s c a t t e r )  o f  the  observed v a lues  about the  mean.
in  the fo llow ing  s e c t io n s .  In  each c ase ,  d e s c r ip t io n s  have
w h e re .(205>(206>
n
A rithm etic  Mean (tc) = _1 Z
n i  = 1
where
tc . = an observed value 1
n-1 i  = 1
where
:x.. = an observed valuel
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n = t o t a l  number o f  o b se rv a t io n s  
X. = sample mean
<4  ~ 2i _  6c, -* Tn-1 i  = 1
N.B. Standard D ev ia tion  i s  expressed  in  the  same u n i t s  as the  
v a r i a t e  ( x ) .
E .2 .3  C o e f f ic ie n t  o f  V a r ia t io n
Used to  ex p re ss  the  d is p e r s io n  ( s c a t t e r )  o f  the  observed v a lu e s ,
as a percen tage  of the  sample mean.
C o e f f ic ie n t  of V a r ia t io n  (V) = £  x 100 (70)oc
where
X = sample mean 
S = sample s tandard  d e v ia t io n
E .2 .4  Range
Provided the  s im p le s t  measure of d i s p e r s io n  of the  observed v a lu e s ,  
and was merely the  d i f f e r e n c e  between the  h ig h e s t  and lowest o b s e r ­
v a t io n s .
E.3 Accuracy of the  Mean
To measure the  degree of p r e c i s io n  th a t  could be expec ted  o f  the  
mean, of a s in g le  sample, the  Standard D ev ia tion  o f the  Mean was 
c a lc u la te d ,  and was r e f e r r e d  to  as the  Standard E rro r  o f  the  Mean. 
Standard E rror of the  Mean (S=) = S
Standard D ev ia tion  (S) =
3 8 8
where
S = sample s tandard  d e v ia t io n
n = t o t a l  number of o b se rv a t io n s  (sample s i z e ) .
E.4 Comparison of Means
The means of two samples (x^ and were compared f o r  the  purpose 
of de term in ing  whether the  observed d i f f e r e n c e  I * 1  - ^2 I was 
due to  chance on ly , or whether some r e a l  cause should be suspec ted  
to  be re sp o n s ib le  and hence c o n s id e r  the  d i f f e r e n c e  to  be s t a t i s ­
t i c a l l y  s i g n i f i c a n t .
E .4 .1  The t - T e s t
This t e s t  was ap p lied  to  the  n u l l -h y p o th e s i s  th a t  the  two samples 
being compared were drawn from the  same p o p u la t io n ,  and the  p rob­
a b i l i t y  th a t  the  d i f f e r e n c e  - Sc  ^| had a value as l a r g e r ,  or 
g r e a te r  than  observed, was c a lc u la te d .
The s ig n i f ic a n c e  of the  d i f f e r e n c e  was measured by the  r a t i o  o f  
the  d i f f e r e n c e  | " ^  | to  i t s  s tan d a rd  d e v ia t io n  (S ^ ) ,  and
i s  denoted by t
 * 1  - * 2  ___
t  = I - 2 v 2(x L - x ^ )  + y ~ ( x ,  - x 2) (n 1 + n2)
( i ^  - 1) +  (n2 - 1) ( n l n 2 }
where
ic^ = mean o f sample no. 1 
0 C2  = mean of sample no. 2
n^ = number of o b se rv a t io n s  in  sample no. 1
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^  = number of o b se rv a t io n s  in  sample no. 2 
'Y^ = an observed value in  sample no. 1 
y j . = an observed value  in  sample no. 2.
The p r o b a b i l i t y  o f  J j exceeding t  S^, i f  drawn by chance
from the  same p o p u la t io n ,  r e p re s e n ts  the  odds a g a in s t  the  n u l l  
h y p o th e s is ,  and i s  known as the  l e v e l  o f  s ig n i f i c a n c e .  Values 
of t ,  f o r  v a r io u s  le v e l s  o f  s ig n i f ic a n c e  and degrees of freedom 
= (n^ - 1) + (n^ - 1 ) ,  a re  t a b u la te d .  i f  the  c a lc u la te d
t  was g r e a te r  than  the  ta b u la te d  t  a t  the  l e v e l  of s ig n i f ic a n c e  
s p e c i f i e d ,  the  n u l l  h y p o th es is  was r e j e c t e d  and i t  i s  concluded 
th a t  the  d i f f e r e n c e  was s i g n i f i c a n t .  I f  the  c a lc u la te d  t  was 
le s s  than  the  ta b u la te d  t ,  the  n u l l  h y p o th es is  was a ccep ted ,  but 
i t  was no t p o s s ib le  to  t e l l  whether th e re  was no d i f f e r e n c e  between 
the means o r  whether the  d a ta  were i n s u f f i c i e n t  to  e s t a b l i s h  whether 
o r  no t th e re  was a d i f f e r e n c e .
N.B. The le v e l  of s ig n i f ic a n c e  a t  which the  n u l l - h y p o th e s i s  was 
r e j e c te d  was s p e c i f ie d  as 57o.
The n u l l - h y p o th e s is  being examined by the  t - t e s t  assumes t h a t  
the  v a r ian ces  of the  two samples, are  from the same p o p u la t io n  
(no t s i g n i f i c a n t l y  d i f f e r e n t ) ,  t h i s  was checked by means o f  the  
F - t e s t .
E .4 .2  The F-Tesfc
This was used to  t e s t  i f  the v a r ia n ce s  of the  two samples being  
compared are  s i g n i f i c a n t l y  d i f f e r e n t ,  and adopts  the  n u l l - h y p o th e s i s  
th a t  the  v a r ia n ce s  belong to the same p o p u la t io n .  The F-value  
was c a lc u la te d  as fo l lo w s :
3 9 0
F = 4  Sl > s 2
S2
Values of F are  t a b u l a t e d ^ ^ ^  fo r  d i f f e r e n t  le v e l s  of s ig n i f ic a n c e
and degrees of freedom, = n^ - 1 and = n^ - 1. I f the
c a lc u la te d  F was g r e a t e r  than  the  ta b u la te d  F, the  p r o b a b i l i t y
2 2t h a t  the  d i f f e r e n c e  between and S2 i s  due to  chance was sm a lle r  
than  the  s p e c i f ie d  p r o b a b i l i t y ,  and the  n u l l - h y p o th e s is  was r e j ­
e c te d  and the  v a r ia n ce s  were conside red  to  be s i g n i f i c a n t l y  d i f f e r e n t .
I f  the  c a lc u la te d  F was l e s s  than  the  ta b u la te d  F, the  n u l l - h y p o th e s i s
2 2was accep ted  and and S2 were conside red  to  be from the  same 
p o p u la t io n .
E .4 .3  R atio  o f  Standard D ev ia tions  (tan© -)
Where the  v a r ia n ce s  o f  two samples were found to  be s i g n i f i c a n t l y  
d i f f e r e n t ,  the  t - t e s t  was no t a p p l ic a b le ,  and a t e s t  in  which 
the  r a t i o  of the  s tandard  d e v ia t io n s  of the  sample means was con­
s id e red  in  de term in ing  the  s ig n i f ic a n c e  of- the  d i f f e r e n c e  between 
the means, was used.
R atio  of sample Standard D ev ia tions  = S- = ta n  €>
S-
The d i f f e r e n c e  - o c j  was conside red  s i g n i f i c a n t  i f
Ioc - oc 
1 21 >  d
S- - S-oCf oc2
Values o f  d are  t a b u la te d ,  f o r  d i f f e r e n t  le v e l s  of s i g n i f i ­
cance, depending on ©* and the  number of degrees of freedom,
V 1  = n l  - 1 and V2 = n 2 - 1 .
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E.5 R egression  and C o r re la t io n  A nalysis
E .5 .1  L inear R egression  
When a l i n e a r  r e l a t i o n s h ip  o f  the  form 
y = mac+ c
was thought to  e x i s t  between two v a r ia b le s  2c and y , the  method 
o f L east-Squares  r e g re s s io n  was used to  determ ine the  c o n s ta n ts  
m and c ,
and hence the  eq u a t io n  of the  "b e s t  f i t "  s t r a i g h t  l in e  through  
the d a ta  was determ ined.
E .5 .2 Non-Linear R egression
The a p p l ic a t io n  of L east-S quares  R egress ion  to  n o n - l in e a r  r e l a t i o n ­
sh ips  i s  somewhat complex, however, i t  was found p o s s ib le  to  t r a n s ­
form the  n o n - l in e a r  r e l a t i o n s h ip  in to  a l i n e a r  one. In  the  
case of the  Power Function
i t  was p o s s ib le  to  r e c t i f y  i t  by ta k in g  lo g a ri th m s , such t h a t  
the  transform ed v a r ia b le s  are  l i n e a r l y  r e l a t e d
and
y = ace.-b
and the c o n s ta n ts  lo g in 9 and b were determ ined from l i n e a r  reg
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E .5 .3 C o r re la t io n  C o e f f ic ie n t
The C o r re la t io n  C o e f f ic ie n t  ( r )  was used to  exp ress  the  degree 
of a s s o c ia t i o n  t h a t  e x i s t s  between two v a r i a b le s  X and y
The value of r  must l i e  in  the  range
0 < < 1
and a h igh  value o f  r ,  in d ic a te d  the  e x is ta n c e  of a c lo se  mathe­
m a t ic a l  r e l a t i o n s h ip  between the two v a r i a b l e s .
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